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ABSTRACT 
This thesis describes an investigation of the chiral separation of two groups of 
molecules by supercritical fluid chromatography (SFC). 
The studies were carried out on chiral ChiralCel OB and OD, Cyclobond RN-I and 
III and on Pirkle columns using a range of pressure and temperatures from 
subcritical liquid carbon dioxide to supercritical conditions with or without the 
addition of methanol (or 2-propanol) as a mobile phase modifier. The first study 
examined the relationship between structure and resolution for a number of chiral 
substituted benzyl alcohols and related compounds. The second study examined the 
benzodiazepines, which have been chromatographed by SFC previously in this 
laboratory, as examples of fairly polar drugs. 
Different resolutions of the enantiomers were observed with the different chiral 
stationary phases. The addition of methanol or increases in pressure generally 
reduced retention times but had only a small effect on enantioselectivity compared 
to changes in temperatures or modifier. The chiral resolution differed with the 
different structures of the chiral molecules. The substitution pattern around the 
chiral centre, although the compounds had similar structures, played a significant 
role in the degree of resolution and even closely related compounds could give very 
different results. In particular, high enantioselectivity was obtained with compounds 
that included the chiral centre in a rigid planar structure, such as tetrahydro-l-
naphthol, rather than in a flexible aliphatic side chain. 
A number of the benzodiazepines, temazepam, lormetazepam and lorazepam, could 
be separated using a methanol modifier by both subcritical and supercritical 
chromatography. For both of the benzyl alcohols and the benzodiazepines, the best 
enantioseparations were obtained with lower temperatures and moderate amounts of 
modifier. 
ii 
ACKNOWLEDGMENTS 
I would like to thank my supervisor, Dr. Roger M. Smith, for his kind help and advice 
during the study. 
I would like to thank the Department of Chemistry technical staff, for their invaluable 
assistance and technical skills. 
I also would like to thank Dr. D. A. Briggs for his suggestions. 
To my husband, Rui and my son, Xi-yuan, I offer my thanks for their support 
throughout this study. 
I offer my special thanks for my mum and dad for their enduring encouragement 
throughout my study in the UK. 
CONTENTS 
page 
ABSTRACT i 
ACKNOWLEDGEMENTS ii 
Chapter 1. LITERATURE REVIEW 1 
1.1 Introduction 1 
1.2 Concepts of stereochemistry 2 
1.2. 1 Enantiomers and chirality 2 
1.2.2 Nomenclature 4 
1.2.3 Differences in the biological properties of enantiomers 5 
1.3 Non-chromatographic methods for enantiomeric separation 
1.4 Chiral separation by chromatography 
1.4. 1 Chromatographic separation 
1.4.2 Separation of enantiomers as diastereoisomers 
1.4.3 Chiral resolution by chiral mobile phase additives 
1.4.4 Mechanism ofchiral discrimination by CSP 
1.4.5 Chiral gas and liquid chromatography 
1.5 Application of SFC to chiral separation 
1.5.1 Comparison of SFC with LC and GC 
1.5.2 Instrumentation of SFC 
1.5.3 Chiral stationary phase and their application in SFC 
7 
8 
9 
10 
11 
11 
15 
15 
16 
18 
21 
1.5.4 The effects of operating parameters on SFC chiral separation 35 
1.6 Objectives of the study 39 
iii 
CONTENTS iv 
Chapter 2. EXPERIMENTAL WORK 40 
2.1 Chemicals used 40 
2.2 Equipments 43 
2.2.1 SFC system 43 
2.2.2 Chromatographic colunms 45 
2.2.3 Spectroscopy 46 
2.3 Operation procedure 46 
2.3.1 Synthesis ofPirkle colunm 46 
2.3.2 Sample preparation 46 
2.3.3 Calculations of SFC parameters 47 
2.4 Discussion of experimental study 48 
2.4.1 Preliminary studies of the use of water as a modifier 48 
2.4.2 Studies of the flame ionisation detector 49 
Chapter 3. RESULTS AND DISCUSSION 50 
3.1 The separation on ChiralCeI CSPs 50 
3.1.1 Comparison of ChiralCel OB and ChiralCel OD colunms 50 
3.1.2 Influence of methanol as a mobile phase modifier 52 
3.1.3 Influence of2-propanol as a mobile phase modifier 62 
3.1.4 Influence of temperature 66 
3.1. 5 Influence of pressure 77 
3.1.6 Identification of chiral form 81 
3.1. 7 Influence of the structure of the enantiomers and colunms 82 
3.1.8 Conclusion 91 
3.2 Separation on cyclodextrin colunms 92 
3.2.1 Comparison of {j-RN-CD and a-CD colunms 92 
3.2.2 Effect of methanol concentration 94 
CONTENTS 
3.2.3 Effect of temperature 
3.3 Separation on PirkIe column 
3.3.1 Applications 
97 
100 
100 
3.3.2 The influence of temperature and methanol concentration 101 
3.4 Comparison of performance of CS Ps in SFC and in HPLC 
Chapter 4. CONCLUSIONS AND FUTURE WORK 
REFERENCES 
PUBLICATIONS 
104 
105 
108 
115 
v 
1 
Chapter 1. 
LITERATURE REVIEW 
This literature review gives a brief introduction to stereochemistry, chiral GC and 
HPLC, and practical SFC, and a more detailed survey of Cl/rrent developments in 
chiral resolution by SFC using chiral columns. 
1.1. Introduction 
Nowadays, one of the challenging tasks for analytical chemists is to search for improved 
methods to assess, more accurately, the enantiomeric purity of substances. 
Enantiomers are stereoisomers, which are related to each other as an object and its 
non-superimposable mirror image [1]. They are like a pair of hands, hence 
enantiomers are also called chiral pairs, from the Greek word cheiro, meaning hand. 
The importance of analysing the enantiomeric composition of chemical compounds, 
especially those of pharmaceutical importance, is clear because of the danger that 
isomeric impurities could possess unwanted toxicological, pharmaceutical, or other 
effects [2 - 4]. Large differences in the biological activity between enantiomers 
demonstrate the need to accurately evaluate the isomeric purity of pharmaceuticals, 
agrochemicals, and other chemical entities. 
Chromatographic approaches, such as gas chromatography (GC), high performance 
liquid chromatography (HPLC) and supercritical fluid chromatography (SFC), offer 
distinct advantages, in terms of rapidity, accuracy, capacity for a large number of 
compounds and suitability for large scale preparative operation, over other techniques 
for the separation and analysis of chiral compounds [5 - 8]. Generally the 
chromatographic methods for enantiomeric separation involve using one or more 
chiral discriminators or selectors, e.g. a chiral additive in the mobile phase or. a chiral 
stationary phase. Over the last 10 years there have been rapid developments in the use 
of chiral stationary phases for the direct separation of enantiomers. HPLC is now very 
well established in this domain for both analytical and preparative separations and there 
is a wide choice of commercially available stationary phases [3 - 4, 6, 9]. Recently 
capillary gas chromatography has developed rapidly [10 - 11]. However, relatively less 
attention has been given to the application of SFC to chiral separations even though 
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SFC is showing considerable potential as a complementary analytical technique to 
HPLC .and GC, and has been gaining acceptance in a wide range of areas in academic 
as well as industrial chemistry [12 - 14]. The development of SFC methods for clural 
separation has benefited from the theoretical and experimental knowledge in HPLC 
and GC [15 - 20]. Nevertheless, there is a potentially vast area of work to improve 
SFC techniques for more accurate and convenient resolution of enantiomers and to 
understand the mechanisms involved. 
1.2. Concepts of stereochemistry . 
To fully comprehend the SFC methods for optical resolution that are available today, it 
is necessary to have a background knowledge of stereochemistry. The necessity of 
enantiomeric resolution is emphasised by considering the differences in biological 
properties between the enantiomeric pairs. Hence, in this section some aspects about 
stereochemistry including chirality, nomenclature and enantiomeric functions in 
biology, are introduced before methods of chiral resolution are discussed in the 
following sections. 
1.2.1 Enantiomers and chirality 
An object that cannot i be superimposed on its mirror image is called chiral. A good 
example of a chiral object is your left hand. If you hold it to a mirror you see in the 
mirror an image of your right hand, but you can not superimpose the two hands 
directly. Similarly, chiral molecules are stereoisomers, which are related to each other 
as an object and its non-superimposable mirror image [1]. The main type of chiral 
compounds is configurational isomers, which contain an asymmetric centre, usually a 
tetravalent carbon with four different groups attached to it, e.g. 2-bromobutane 
(Figure 1). Other atoms, such as phosphorus, sulphur and nitrogen, can also act as an 
asymmetric centre. The two mirror image shapes of a chiral molecule are called 
enantiomers. 
When a molecule has more than one chiral atom (chiral centre), e.g. 2,3-
dihydroxybutanal (Figure 2), the maximum possible number of stereoisomers is 2° (n 
is the number of asymmetric centres). Since an object can never have more than one 
mirror image, anyone of the many stereoisomers for such a compound can only have 
one enantiomer, i.e. enantiomers always come in pairs. Stereoisomers that are not 
: 
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enantiomers are defined as diastereomers. For example, in Figure 2, molecules A and 
B are a pair of enantiomers, and are diastereomers to molecules C and D which are 
another pair of enantiomers. 
Mirror 
CH, CH, 
Br 
Figure 1. A molecule of2-bromobutane and its mirror image [I] 
Unlike other molecular isomers which differ in almost all physical and chemical 
properties, enantiomers differ from each other only in the spatial arrangement of their 
constituent atoms, and are identical in all properties, such as boiling and melting 
points, solubility, densities, rate of reactions with molecules that are not chiral, except 
two. 
i. A pair of enantiomers behave differently from each other in the rotation of plane 
polarised light. The rotations of plane polarised light by the enantiomers are equal in 
magnitude, but different in direction. Although each enantiomer of a pair rotates the 
plane of polarised light, a mixture of equal amounts of the two does not, because the 
rotations cancel. Such a mixture is called a racemic mixture or a racemate. 
ii. Enantiomers behave differently in a chiral environment and undergo different 
interactions with molecules or systems which are themselves chiral. When enantiomers 
react with another molecule that is chiral, the reaction rates are not the same for the 
two enantiomers [I]. For example, (+)-I-phenylethanol reacts with (+)-2-
methylbutanoic acid to form a carboxylic ester. The reaction between (+)-1-
phenylethanol and (-)-2-methylbutanoic acid takes place at a different rate [I]. This is a 
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very important difference in reactivity and results in major biological consequences, 
because many biological systems are chiral [2 - 4]. 
. HfoOH 
HToH 
CH, 
A 
CHO 
HO±H 
HO I H 
CH, 
B 
A pair of enantiomers 
CHO 
H I OH 
HofH 
CH, 
C 
HO+H 
HioH 
CH, 
D 
Another pair of enantiomers 
Figure 2. Illustration of stereoisomers of2,3-dihydroxybutanal 
1.2.2 Nomenclature 
It is possible to assign a (+) or (-) prefix to an enantiomerically pure compound 
depending on the rotation of plane polarised light by that compound. Unfortunately 
this assignment gives no information on the spatial arrangement of the atoms in the 
compound. 
To overcome this problem, Fischer [21] in 1891 introduced a system, which was 
systematised by Rosanoff [22] in 1906, that the stereoisomers chemically related to 
(+ )-glyceraldehyde have the D-configuration, while those connected by chemical 
interconversions with (-)-glyceraldehyde have the L-configuration. It was then 
assumed that D-configuration correlated with the (+)-isomer and L-configuration with 
the (-)-isomer. Providing no chemical reaction takes place at the chiral centre then all 
other compounds derived from the starting material (glyceraldehyde) can be assigned 
the same prefix as the starting material and deemed to have the same relative 
configuration. The D,L-nomenclature system has been used to relate a variety of 
enantiomers, particularly in the case of carbohydrates. However, this system suffers 
from major drawbacks. It is only applicable to compounds, which have asymmetric 
carbon atoms, and in certain cases, it is possible to assign either a D or a L prefix to a 
particular molecule depending upon which crural centre is chosen. For example, natural 
(+)-tartaric acid belongs to the L-series if the lower chiral centre is used but to the D-
series if the upper chiral centre is considered. Therefore, it was necessary to develop a 
more general and non-ambiguous nomenclature system for chiral molecules. 
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In 1956, Cahn, Ingold and PreIog [23 - 24] created a new system, the R,S-
nomenclature, which is suitable for any chiral molecule and permits the absolute 
configuration to be determined directly from the R- or S-designation. The principle of 
this system includes three steps, i. e. (i) the arrangement of the legends associated with 
an element of chirality into a sequence, (ii) the use of this sequence to trace a chiral 
path, and (iii) the use of the chiral path to classify the element of chirality. 
According to the R,S-nomenclature procedure, the atoms (abed) directly bonded to a 
tetravalent chiral centre, X, in a molecule, Xabcd, are arranged in a priority order of 
decreasing atomic number, or of mass number in the case of isotopic chirality. A 
missing substitute, represented by the lone-pair of an asymmetric sulphur atom, for 
example, has an image of zero atomic number for sequence priority. If two or more of 
the atoms of the groups, a, b, c, or d, directly bonded to the chiral centre in Xabcd are 
identical, the next-nearest neighbouring atom to X in the group determines, by its 
atomic or mass number, the priority of that group. Should the next nearest neighbours 
be equivalent, successive neighbouring atoms outwards from the chiral centre are 
considered until the priority of the group is determined. 
With an established priority order, a > b > c > d, in terms of decreasing atomic or mass 
number, the group of lowest priority, d, in a tetrahedral model is directed away from 
the observer. The clockwise or anticlockwise aspect of the priority sequence, a > b > 
c, around the tetrahedral face presented to the observer is ascertained. If the observed 
order presents a clockwise sequence, the configuration is specified as (R), from rectus 
(right), or as (S) for a countercIockwise sequence, from sinister (left). 
Various additions have been made to this system so that molecules, which are chiral 
because of factors such as biaryl bonds or double bonds in allenes, can be assigned a 
configuration. Although this method removes the problem of ambiguity, it does 
require that the absolute configuration be determined by a physical method for each 
compound, before an assignment can be made. 
1.2.3 Differences in the biological properties of enantiomers 
Most organic compounds in the body contain one or more chiral carbons, which means 
that two or more stereoisomers are possible. Although there are exceptions, where 
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several isomers are possible, the general rule is that nature makes only one of the 
possible stereoisomers [1]. A good example is the steroid cholesterol, which contains 
eight chiral carbons. There could be 256 stereoisomers of this compound but of these, 
nature make only one. No matter what the organism, the same isomer of cholesterol is 
found. The reason is that biological molecules must often react with each other, and 
the rates at which diastereomers would react with other chiral molecules would differ. 
Thus it is likely that the other 255 isomers of cholesterol (including its enantiomer) 
would undergo biochemical reactions very differently than cholesterol itself This 
concept can be explained by a matter of fit between the structures. A chiral molecule 
fits another chiral molecule, where its enantiomer (or a diastereomer) would not fit. 
This behaviour becomes extremely important when it is recognised that almost all 
biological 'reactions are catalysed by enzymes. Enzymes are chiral molecules with chiral 
cavities. One enantiomer fits into the cavity in a way that allows the reaction to 
proceed. Its enantiomer may not fit, resulting in slowing the reaction so much, that for 
all practical purpose, the reaction does not take place at all. From the above 
discussion, we are not surprised that the biological properties of enantiomers can be 
very different. 
Historically, the resolution of chiral compounds has been given a low priority by both 
the pharmaceutical and agrochemical industries because of cost, the perceived 
difficulty of resolving chiral compounds and the ignorance of both the metabolic fate 
ofenantiomers in biological systems and of the possibility of harmful side effects. 
Today optically-active compounds have attracted an increasing attention because of the 
I . 
recognition that many of the human and veterinary drugs, industrial and agriculture 
chemicals in current use are racemates. The difference in biological properties of 
enantiomers can be demonstrated by many reported cases. An example was the use 
of thalidomide as a sedative and sleeping drug in the early 1960's, resulting in the 
serious malformation of the children of women who had taken the drug during an 
early stage of pregnancy. It was proved later that only the (S)-( -)-enantiomer of 
thalidomide possessed teratogenic activity [25]. Furthermore, this enantiomer was 
without importance for the desired sedative or sleeping-inducing properties. Therefore, 
if the (R)-( +)-enantiomer alone had been given, no teratogenic effects might have 
appeared and the drug might perhaps still have been used. Frequently one isomer of a 
series may produce a desired effect, while another may be inactive or even produce 
some undesired effects. For this reason the pharmaceutical industry is becoming 
more and more interested in methods to resolve racemates into optical antipodes in 
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order to be able to subject these compounds individually to pharmacological testing. 
Even if a compound can be synthesised as an individualisomer, it is necessary to have 
reliable methods for the determination of the optical purity of the two forms. 
1.3 Non-chromatographic methods for enantiomeric separation 
The discrimination of enantiomers on a routine analytical or preparative basis has 
generally been avoided. This is because of the difficulty in finding anyone technique 
which will provide a solution for the resolution of a wide range of compounds. 
Methods for the discrimination of enantiomers, can arbitrarily be divided into two 
classes; i.e. non-chromatographic and chromatographic. 
In many instances non-chromatographic methods have directly preceded 
chromatographic methods. Pirkle [26 - 27] developed his f1uoroalcohol bonded phase 
columns (detailed in Section 1.5.3) from his work on NMR enantiomeric resolution 
techniques. Many of the chromatographic ion-pair techniques employ resolving agents 
previously used in classical chiral resolution techniques [28]. Non-chromatographic 
resolution techniques generally include the following methods. 
i. Physical sorting of enantiomers: in the rare cases where very distinct differences in 
crystal structure exists- for enantiomers, it is possible to hand-sort the crystals and 
hence the enantiomers [28]. 
ii. Selective seeding of enantiomers: if enantiomerically pure crystals are added to a 
racemic solution, in some cases, the enantiomers of the same form as the seed crystal 
will tend to precipitate from the solution in preference to those of the opposite 
enantiomeric form [28]. 
iii. Fractional crystallisation of diastereomeric salts: a pair of diastereomeric salts are 
formed between a racemic acid or base and a corresponding chiral base or 
acidresolving agent. The salts are crystallised from a suitable solvent on the basis of 
differing solubility. The separated diastereoisomeric salts are then decomposed to yield 
a pure enantiomeric compound and the original resolving agent [29]. 
iv. Kinetic resolution or asynunetric destruction: this depends on the difference in 
reaction rate for enantiomeric substrates. An example using this method is the 
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conversion of racemic aromatic amino acid esters by chymotrypsin to 
L-amino acids esters [4]. 
8 
v. Nuclear magnetic resonance (NMR): this method though not capable of physically 
separating two enantiomers has a potential for determining enantiomeric excess [30 -
32]. It may also, in the future, provide methods of determining the factors important 
for chiral discrimination. 
The application of NMR to the determination of enantiomeric excess has followed 
three routes: 
i. Derivatisation with an auxiliary chiral compound to form diastereoisomers. Nuclei in 
the two enantiomers, which gave equivalent chemical shifts prior to derivatisation 
exhibit differing chemical shifts after derivatisation. Providing the ratio of the areas of 
the two peaks can be determined then the enantiomeric excess can also be determined 
[30]. 
ii. Linkage of two enantiomers VIa an achiral bridging molecule to form 
diastereoisomers [31]. 
iii. Addition of chiral shift reagents such as lanthanide shift reagents (usually camphor 
.~, j, cyclodextrins or solvating agents 
such as (S)-(+)-2,2,2-triiluoro-l-(9-anthryl)ethanol, which interact via hydrogen 
bonding to form diastereomeric association complexes [25, 30 - 31]. 
1.4 Chiral separation by chromatography 
Chromatographic methods, including GC, HPLC and SFC are considered the most 
useful practical methods for optical resolution. Resolution of enantiomers can be 
grouped, arbitrarily, into two types, i.e. indirect and direct methods. The indirect 
methods are based on the interaction between a racemate and a chiral reagent to form 
a pair of diastereoisomers. The diastereoisomers have different physiochemical 
properties and hence may be separated by conventional achiral stationary phase 
chromatography. However, the mobile phase chiral additive method has disadvantages, 
such as being time consuming, maintenance problems and the removal of the chiral 
additives after the isolation in a preparative application. In practice, this method is 
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used less often than chiral stationary phases. On the other hand, the direct resolution 
of enantiomers using chiral stationary or mobile-phase system, has developed rapidly 
over the last decade. This approach has been examined extensively by many research 
scientists [33 - 35]. More recently, research has been directed to finding new types of 
chiral stationary phase (CSP) and mobile phase additives on the basis of the 
stereochemical viewpoint and the technical evolution of modern chromatography. 
1.4.1 Chromatographic separation 
The success of a chromatographic chiral separation can be judged by the extent of the 
separation of the enantiomers. The separation between two adjacent peaks is described 
by two terms, i.e. selectivity (or separation factor) and resolution. Selectivity, a , is 
directly related to the difference of stability (measured by the difference of free energy 
t.(/lGO» of the two transient diastereomeric complexes «R)-analytelCSP and (S)-
analyte/CSP). It reflects the resultant of the overall interaction that is occurring in both 
stationary and liquid phases: hydrogen-bonding, antiparallel dipole stacking, 7r-7r 
charge transfer, hydrophobic interactions and steric hindrance. The selectivity is 
defined as: 
a= k/k, (1) 
Further, 
(2) 
Where to referred to as the dead time and is equivalent to the time taken for an 
unretained solute to reach the detector from an injection port at a given average mobile 
phase velocity. tR is the retention time of a compound in a chromatographic system 
and defined as the time after injection for the peak maximum to be eluted. 
According to the definition the selectivity is simply worked out by the net retention 
time of the two components. The selectivity (a) is a measure of relative peak 
separation and is constant under given analytical conditions (stationary and mobile 
phase, temperature etc.). 
The resolution (Rs) describes not only the peak separation but also the effect of band 
broadening on the separation of two adjacent peaks. 
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(3) 
Where tR2 and tRI are the retention time of two adjacent peaks. w l and w2 are the base 
widths of peak 1 and 2. 
In theoretical terms the value of Rs can be related to column efficiency (N) by the 
following equation: 
N1!2 (a-I) (1+k) 
Rs= 4 a k (4) 
- - --
Where N is the column efficiency in theoretical plates. 
The above equation indicates three factors, which are important to the resolution of 
compounds: (i) IX must be greater than 1, under standard chromatographic conditions 
which means that a difference must be observed in the interaction of the solute with 
the different phases; (ii) k must greater than 0 as if there is no interaction with the 
stationary phase then there will be no separation; (iii) the column efficiencies must be 
as high as possible to maximise any differences in the chromatography of any two 
solutes. 
1.4.2 Separation of enantiomers as diastereoisomers 
Enantiomers can be separated as the diastereomeric derivatives produced by their 
reaction with an optically active reagent. Because of the different physical and 
chemical properties of diastereoisomers, such derivatives can be separated by all 
commonly used chromatographic techniques. Often such methods are simple to apply, 
particularly in GC. A detailed and comprehensive review of this technique has been 
published by Souter [36]. 
Although indirect methods have been used extensively in the past in analysis and are 
still widely used on the process scale, this method suffers from many drawbacks. First, 
it is of utmost importance to know the optical purity of the derivatization reagent. 
Only if this is 100% will the analytical results be directly representative of the 
enantiomer composition. Secondly, the quantitative analysis relies upon the assumption 
that the reactions of the two enantiomers are complete. If this is not the case, 
differences in product yields may result in large errors. It is also very important to be 
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sure that the reactions are not associated with racemization or epimerization. Thirdly, 
this method can, in certain circumstances, have an analyte recovery problem, 
attributable to the kinetics of the reaction of a racemate with an enantiomeric resolving 
agent. 
1.4.3 Chiral resolution by chiral mobile phase additives 
Chiral recognition on CSPs frequently involves the formation of transient 
diastereoisomeric complexes, likely, via a three point interaction model. The same 
resolution effect can be obtained by the addition of a chiral reagent (metal complexes, 
cycIodextrin or proteins) to the mobile phase and subsequent analysis with a non-chiral 
stationary phasejHowever, the application of this method is limited due to the high 
cost and commercial unavailability of some additives and its operational difficulties. 
For these reasons the present trend is towards the use of CS Ps. 
f.4~4Mechanism of chiral discrimination by CSP 
Direct chromatographic chiral separations by the use of CSPs are very interesting from 
an analytical, as well as a preparative point of view. In particular for HPLC, this 
method is very suitable for chiral separation without prior derivatization. 
Many mechanisms for the chiral separation using CSPs have been proposed [9, 37 -
42]. However, the development of CSPs discrimination theory is rather slow and the 
mechanism of how the CSPs work is still rudimentary. It is generally understood that 
chiral recognition of chromatographic columns is based on the minor differences in 
the interaction of the enantiomers with the column, due probably to the stereochemical 
differences between the enantiomers. 
The extent of the interaction between CSP and chiral molecules in any environment 
results from contributions from the following factors [43 - 46]. 
i. Dipole-dipole interaction: this interaction takes place between molecules which 
possess a permanent dipole. The attraction takes place between the more positive end 
of an uncharged molecule and the negative end of an uncharged molecule. This type of 
- I • 
attraction is found to be important for columns of the PirkIe type [46]. 
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ii. Hydrogen-bonding: a special case of dipole interaction in which a hydrogen atom 
serves as a bridge between two electronegative atoms, one covalently bonded and the 
other electrostatically bonded to the hydrogen. This type of molecular interaction is 
important for chromatography using cyclodextrin colu111lls . 
. iii. Hydrophobic interaction: this type of interaction is not a direct molecular 
interaction but is mediated via water mol.ecules, and is important for protein affinity 
chromatography. The interaction is entropy driven and involves the release of water 
molecules surrounding two interacting molecules when they are brought together [43]. 
iv. London dispersion forces: these account for both attractive and repulsive forces 
between molecules. Attractive forces are assumed to build up in molecules as the result 
of induced dipoles caused by the presence of other atoms or molecules. The repulsive 
forces are necessary to account for the lack of spontaneous interaction of molecules. 
The repulsion acts at a shorter range than all attractive forces, hence when two 
molecules approach there is minimum potential energy where the attractive forces out 
weigh the repulsive forces. The internuclear distance at the point of energy minimum is 
referred to as the van der Waals radius and the collection of forces which both attract 
and repel molecules or atoms are collectively named the van der Waals forces [43 -
44]. 
v. Structural rigidity, conformational flexibility and steric interference: all of them 
affect the ability of two molecules to approach each other, and hence affect the ability 
of the molecules to interact by the mechanisms described above. The term steric 
interference includes the size as well as· the orientation of the molecules. The 
orientation of molecules will be important for all chiral separations whereas the size of 
molecule will be important for inclusion chromatography. 
The general CSP working mechanism may, probably, be explained by the following 
statements. Before separation by a chiral stationary phase the two enantiomeric 
molecules, in theR- and S-forms, have identical internal energy, which is true after 
elution from the column. In order to separate the pair of enantiomers, the CSP must be 
able to produce a difference in internal energy for the enantiomers by forming a 
diastereomeric complex with the solutes. The column forms a solute-CSP complex 
with one of the two enantiomers, which has a higher energy content, i.e. being less 
stable than the other one. The difference in energies between the two complexes is 
reflected in the retention times leading to a successful stereochemical resolution. 
.' 
1. INTRODUCTION 13 
The first liquid chromatographic model to explain the process of chiral recognition 
was developed by Dalgliesh [47] for his work on the resolution of aromatic amino 
acids by cellulose paper chromatography. This model consisted of a "three-point" 
attachment between the solute and dural separation phases (CSPs) based on attractive 
interactions, such as hydrogen bonding and adsorption of the aromatic moiety. The 
model of chiral recognition is shown in Figure 3. 
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Figure 3.111ustration of the "3-point interaction" model [48] 
The "three-point" mechanism is supported by the fact that the determination of the 
configuration about a chiral carbon involves at least three of the four bonds attached 
to the centre. If a CSP interacts with the large, medium and smallest substituents to 
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chiral centre, as defined in the (R) and (S) convention, it will be able to discriminate 
between the (R)- and (S)-isomer of the molecules. However, if the CSP only 
interacts with two of these substituents the discrimination will not be performed. 
So the "three-point" model leads to the important idea that for a successful chiral 
recognition at least three of the stereochemical elements of the solute and CSP must 
be involved. This minimum number of contact points, however, does not necessarily 
mean points of attachment when it comes to molecular interactions. In principle, a 
situation in which only steric interactions cause a molecular steric discrimination is 
quite possible. In adsorption chromatography there must always exist some kind of 
bonding interaction with the sorbent. This may arise through any non-covalent 
attachment possible under the prevailing conditions. Thus, hydrogen-bonding as well 
as ionic or dipole attraction is enhanced by non-polar solvents, whereas hydrophobic 
interactions may be important in aqueous media, etc. 
The ability of certain compounds to use their particular structure to include suitable 
guest molecules has long been known. For example, the cyclodextrins (Schardinger's 
dextrins) are crystalline degradation products of starch, which are obtained through the 
action of micro-organisms. Whereas the a-fonn, composed of a ring of six glucose 
units, is of the correct size to include iodine or benzene, it is too small to include 
bromobenzene. On the other hand, the {3-form which composed of seven units, is 
precipitated by bromobenzene as a consequence of inclusion complex formation [3]. 
The strict steric requirements for the formation of such "host-guest" complexes imply 
that these phenomena should be highly stereoselective. Thus, by the use of a chiral 
host, enantiomeric guest molecules might be separated. These principles have been 
utilised fully or partly in some of the Le and SFC methods. 
In the chiral separation by cyclodextrin-bonded phases, the formation of an inclusion 
complex is an essential step for most resolutions. The size of the cyclodextrin cavity 
versus the size of the enantiomer to be complexed is of critical importance [49]. If the 
diameter of a chiral molecule does not fit the mouth of the cavity of the cyclodextrin-
bonded phase, then no inclusion complex will be formed. Success in the enantiomeric 
separation relies on a relatively 'tight complex' formation. However, the entire 
molecule does not need to fit inside the cyclodextrin for an effective separation to take 
place. There are numerous examples of enantiomers containing three or four aromatic 
rings being resolved by {3-form of cyclodextrin CSPs. A portion of the molecule that 
can be tightly complexed by the CSP is required. 
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1.4.5 Chiral gas and liquid chromatography 
In many cases, chiral gas chromatography works as a good analytical tool because it 
has the high efficiency and peak capacity provided by modern capillary columns. Over 
the last twenty years, the GC techniques have advanced rapidly and the number of 
applications have increased. 
In 1966, Gil-Av et al. [50] published an important paper from their work on the direct 
optical resolution of a number of N-trifluoroacetyl-D,L-amino-acid esters using a 100 
m glass capillary column, coated with a chiral phase. It was assumed that hydrogen 
bond formation between corresponding amide groups and carbonyl oxygen atoms in 
the CSP and solute, respectively, was the cause of retention and chiral discrimination. 
These first, really successful, results initiated much research in the field and a large 
number of CSPs based on amino-acids as chiral phases were produced and investigated 
in the following years. 
Other types of CSPs based on polysiloxane-bonded phases, chiral metal complexes and 
inclusion effects, etc. were invented in 1970s and 80s [3]. Those chiral columns proved 
to be efficient for separation of a number of enantiomeric compounds of amines, 
esters, hydrocarbons, and so on. 
A common problem in GC concerns the volatility and temperature stability of the 
stationary phase. Furthermore, the chiral discrimination should be large enough to 
permit the use of small packed columns. A more detailed description of this aspect was 
published by Allenmark [3]. 
Generally, chiral separations in LC involve either chiral stationary phases (CSPs) or 
chiral mobile phases. As discussed in Section 1.4.2, the chiral mobile phase method has 
more problems, and the CSPs method has developed rapidly over the recent decade. 
1.5 Application of SFC to chiral separation 
In the last few decades, more than 1000 enantiomers, many of which are of 
pharmaceutical or toxicological importance, have been separated by chromatography, 
using more than 50 chiral stationary phases synthesised by various methods [13, 20, 
53 - 54]. Most of these chiral stationary phases are now commercially available. In 
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addition, many articles, books and monographs have been published on 
chromatographic dUral separations. Among the publications, liquid chromatography 
(LC) and GC methods are predominant. Until very recently, SFC and subcritical fluid 
chromatography (SubFC) have not been widely applied to enantiomeric resolution, 
although the physical chemistry of SFC offers unique possibilities for enantiomer 
separation. However, developments in instrumentation, advances in column 
technology and an increased understanding of SFC promise more applications in this 
field. 
1.5.1 Comparison of SFC with LC and GC 
SFC is a chromatographic technique which uses a supercritical fluid as the mobile 
phase. The advantages of SFC have only recently been realised, in particular its 
rapidity, flexibility, and ability to a\low the analysis of substances of many organic 
compounds with limited volatility and thermal stability, which cannot be analysed by 
GC. Less volatile compounds can be analysed by HPLC, but long analysis times and 
very sma\l column diameters or small particles would be required for efficient 
separation because of the limitations of solute diffusion in the mobile phase. SFC 
overcomes these difficulties and permits high resolution at low temperature with short 
analysis times. It is now recognised that because of these effects SFC methods offer 
distinct advantages over GC and HPLC, in the separation of enantiomers [13 - 20, 39 -
41,54]. 
A supercritical fluid (SF) may be defined from a phase diagram (Figure 4), in which the 
regions corresponding to the solid, liquid and gaseous states are clear. A supercritical 
fluid is a substance which has been raised above its critical temperature and critical 
pressure. There is a continuous transition from liquid to SF on increasing the 
temperature at a constant pressure greater than the critical pressure (Figure 4) or from 
gas to SF by increasing the pressure at a constant temperature greater than the critical 
temperature (Figure 4) [55]. 
Supercritical fluids offer a convenient means to achieve a solvent which has gas- and 
liquid-like characteristics. The following Table illustrates how supercritical fluids 
compare to gases and liquids in some important physicochemical properties (Table 1). 
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TEMPERATURE (oC) 
Figure 4. Phase diagram of carbon dioxide. 
Table 1. Properties of supercritical fluids vs. gases and liquids [56] 
Physical properties Gas SF Liquid 
Density (g/cm3) 10-3 0.1-1 1 
Diffusion coefficient (cm2;s) 10-1 10-'-]0-' <10-' 
Viscosity (g/cm.s) 10-' 10-'-]0-' 10-2 
The diffusion coefficient of the mobile phase influences the velocity of mass transport 
of the substrate between mobile and stationary phase. The density is instrumental in 
determining the solubility of the substrate in the mobile phase and hence the partition 
coefficient between mobile and stationary phases. Finally, the viscosity influences 
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convective mixing of the mobile phase. Also, the pressure drop over the length of the 
column is determined by the viscosity. 
From Table 1, supercritical fluids have physical properties intermediate between those 
of a gas and a liquid. In SFC, the eluents have lower viscosity and higher diffusivities 
than in LC. This makes it possible to perform relatively fast analyses without loss of 
efficiency. Alternatively, if low analysis temperatures are used, the mobile phase 
has a solvating power with tuneable polarity and enhanced selectivity features in 
both the mobile and the stationary phase [55]. The solvating power of the mobile 
phase increases proportionally with density [55], the ability to programme the 
density or pressure of mobile phase is unique to SFC. Finally, an important 
advantage of SFC is that most detectors available for LC and GC can be used. The 
solvent strength of supercritical fluids thus allows the analysis of non-volatile, high 
molecule weight compounds, under moderate conditions with an advantage over GC 
for the separation of thermally unstable substances. 
1.5.2 Instrumentation of SFC 
The basic instrumental requirements for SFC are similar to those for GC or HPLC and 
because of this, SFC can take advantage of technological developments from both 
techniques. The main components of a SFC include a system for mobile phase delivery, 
an injection device for introducing the sample, a separation column and a detection 
system. 
There are two types of columns used for SFC, i.e. capillary and packed columns. 
Schoenmakers and others have discussed the advantages and limitations of the packed 
and capillary SFC [57 - 61]. For chiral separations on SFC, most work has been done 
on packed column, using columns previously made for HPLC, with little or no 
modification. A detailed review of the chiral stationary phases (CSPs) used in SFC is 
given in the next section. 
There are many compounds which can be used as the mobile phase in SFC. A few of 
these are listed in Table 2 together with their physical properties. 
Requirements for a substance to be used as a mobile phase include its chemical stability 
under the conditions to which it will be subjected, its detector compatibility, critical 
constants, polarity and safety in use. The fluid for mobile phase in SFC has to be of 
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acceptable high purity. Organic impurities in the mobile phase can result in high or 
noisy background signals, which can make the chromatography meaningless. The 
choice of mobile phase also depends on the type of compounds to be analysed. For 
example, among the many compounds which can potentially be used as supercritical 
fluids, ammonia is better for more polar analytes and hexane is a better solvent than 
carbon dioxide for the separation of non-polar polystyrenes. However, ammonia and 
hexane both have very seriously practical problems, because ammonia is corrosive and 
hexane is flammable. 
Table 2 Physical parameters of selected supercritical fluids [55] 
Fluids Critical temperature Critical pressure Critical density 
Te (oC) Pc (atm) Pc (g/mJ) 
CO2 31.3 72.9 0.47 
N20 36.5 72.5 0.45 
NH3 132.5 112.5 0.24 
n-CSH14 196.6 33.3 0.23 
n-C4H IO 152.0 37.5 0.23 
SF6 45.5 37.1 0.74 
Xe 16.6 58.4 1.10 
CCl2F2 111.8 40.7 0.56 
CHF3 25.9 46.9 0.52 
Carbon dioxide is often the mobile phase of choice for SFC, since it has relatively mild 
critical parameters; its critical temperature is low, being favourable for use with 
thermally unstable compounds, and its critical density is quite high, promising good 
solvent properties. It is non-toxic, non-polluting, chemically inert, inexpensive and 
readily availability in high purity. However, its great advantage is lack of response in 
the flame ionisation detector (FID). With carbon dioxide as the mobile phase, 
universal and sensitive detection becomes possible in SFC [62 - 65]. 
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The drawback in using carbon dioxide as a SFC mobile phase is that it has a Iow 
polarity. Although this make it favourable for the separation of non-polar compounds, 
many polar compounds appear to be insoluble [66]. In order to solve this problem, a 
small percentage of a secondary solvent can be added to modify the mobile phase, 
while maintaining the mild critical parameters of the primary fluid. The solvents used 
as modifiers of the mobile phase in SFC should be of acceptable chemical stability. The 
polarity of modifiers, together with the solvent strength, is also a consideration in the 
selection for a practical separation. A disadvantage of the use of organic modifiers is 
that they are incompatible with the popular flame ionisation detector. 
Other conventional detectors from both GC and HPLC have been successfully adapted 
to SFC [67]. To select a suitable detector for SFC several factors have to be 
considered including the nature of the solutes, mobile phase, operating conditions, as 
well as cost. 
The UV detector responds only to compounds containing a UV-absorbing 
chromophore. The UV detector can provide compound-specific information when 
tuned to an absorption wavelength that is characteristic for the analyte of interest. In 
this respect, a variable wavelength UV detector or a photodiode-array detector can be 
used to obtain spectra to assist in compound identification. 
FID is an important detector and has been employed in many types of supercritical 
fluid chromatographic separation, with carbon dioxide as the most widely used mobile 
phase. In the late 1960s and 70s, SFC with packed columns and FID were widely used 
[62 - 64]. With the numerous advances in column technologies in late 1970s and 80s, 
reports of capillary column SFC with flame ionisation detector increased in number 
[67]. Combining SFC with FID offers several advantages. First, solutes entering the 
flame are more easily desolvated and decompose into various detectable species. 
Secondly, FID gives little response to commonly used fluids like carbon dioxide or 
nitrous oxide. Thirdly, FID gives a similar response for almost all organic compounds 
including those which do not contain chromophores or f1uorophores, and 
consequently, FID acts as an universal detector for organic solutes. Other favourable 
properties of FID include a wide linear range, high sensitivity, and good stability and 
reliability [68]. 
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Other detectors, e.g. mass spectrometry (MS), fourler-transform infrared 
spectrophotometer (FTIR), fluorescence spectrophotometry, etc. have also been used 
with SFC [67]. 
1.5.3 Chiral Stationary Phases and their application in SFC 
There has been an extensive development in chiral stationary phases for LC over the 
last decade. According to the chemical structure of the chiral selector (CS) and the 
nature of enantiomer interactions the CSPs can be classified into five types [50]. It has 
been demonstrated that many of these can also be used for SFC [15 - 20, 39 - 41,54]. 
Type I phases are the Pirkle type CSPs that form solute-CSP complexes by attractive 
interactions, hydrogen bonding, 7/"-7/" interactions, dipole stacking, etc., between the 
solute and CSP. 
Type IT phases are the cellulose chiral stationary phases that have the primary 
mechanism of chiral discrimination by the formation of a solute-CSP complexes 
through attractive interaction but where inclusion complexes also play an important 
role. 
Type ill phases involve the inclusion complex formation into chiral cavities. 
Type IV phases are based on chiral ligand exchange chromatography. This usually 
involves the reversible formation of a metal complex by co-ordination of substrates 
that can act as ligands to the metal ion. The formation of mixed ligand complexes and 
limited conformational mobility result in different interactions between solutes and the 
stationary phase. 
Type V consists of protein-type CSPs utilising affinity chromatography methods and 
. where the solute-CSP complexes are based on combinations of hydrophobic and polar 
interactions. 
Table 3 gives examples of some typical commercially available chiral stationary phases 
and their classification. 
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Table 3 CSPs classification [50 ] 
Chiral discriminating agent 
Type! 
(R)-N-(3,S-Dinitrobenzoyl)phenylglycine (covalent) 
(R)-N-(3,5-Dinitrobenzoyl)phenylglycine (ionic) 
(S)-N-(3,S-Dinitrobenzoyl)phenylglycine (covalent) 
(S)-N-(3,S-Dinitrobenzoyl)leucine (covalent) 
(S)-N-(3,S-Dinitrobenzoyl)leucine (ionic) 
D-Naphthylalanine 
L-Naphthylalanine 
(R)-a-Methylbenzylurea 
(R)-(+)-Naphthylethylamine polymer 
I-(a-Naphthyl)ethylamine derivative 
Chlorophenylisovaleroylphenylglycine 
Chrysanthemoylphenylglycine 
tert.-Butylaminocarbonyl valine 
(S),(S)-a-Naphthylethylaminocarbonylvaline 
(R),(R)-a-Naphthylethylaminocarbonylvaline 
Type!! 
Cellulose triacetate 
Cellulose tribenzoate 
Cellulose trisphenylcarbamate 
Cellulose tricinnamate 
Cellulose tris(3,S-dimethylphenylcarbamate) 
Type III 
Poly(triphenyl methyl methacrylate) 
Microcrystalline cellulose triacetate 
,B-Cyclodextrin 
-y-Cyclodextrin 
TypeJV 
Proline 
Amino acid copper 
Hydroxyproline 
Valine 
Type V 
Bovine serum albumin 
al·Acid glycoprotein 
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Type /. Pirkle type columns 
The Pirkle-type CSPs are designed, based on the 'three point' interaction model, to 
perform using attractive hydrogen-bonding, 7Hr and dipole stacking interactions 
between the CSP and the solute. A common type ofPirkle column is based on (R)-N-
(3,5-dinitrobenzoyl)-phenylglycine (CNB) and is shown in Figure 5. 
o R'R 
ON« \,/ I ~ 
, ~ ~""-r Y-\.CH,),-S<~~ 
NO, 
R=H, R'=-C6H" Y=-NH-. 
Figure 5. Structure of CNB Pirkle column. 
Pirkle-type CSPs have some advantages relative to CSPs derived from cellulose or 
cyclodextrin etc. because they are usually less expensive and more durable. They have 
a higher density of bonding sites and are consequently suited for preparative 
separations. In LC, Pirkle CSPs have been successfully used for the chiral resolution of 
a number of different classes of enantiomeric compounds, including alkyl carbinols, 
aryl-substituted hydantoins, lactams, succinimides, phthalides, sulfoxides, sulfides, 
amides and cyclic amides and imides [50]. A comprehensive survey on the applications 
of commercially available Pirkle-type stationary phases was given by Perrin et al. in 
1991 [69]. 
For enantiomers to be separated on a Pirkle-type CSP, the solute must have the 
necessary three ( or more) interaction sites through which the transient diastereomeric 
complexes can be formed between the enantiomer and the CSP. The transient 
diastereomeric complexes differ in stability to allow the differences in chromatographic 
elution order. The enantiomer which forms the most stable transient complex is 
frequently the one that interacts with the greatest number of bonding sites. The major 
interaction sites can be classified as 7r-basic or 7r-acidic aromatic rings, acidic sites, 
basic sites, steric interaction sites, or sites for electrostatic interaction. Aromatic rings 
are potential sites for 11'-7r interaction. Acidic sites supply hydrogens for potential 
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intermolecular hydrogen bonds. The hydrogen involved is often an amide proton (NH) 
from an amide, carbamate, or urea, or is from an amine or alcohol group. Basic sites 
such as 1I"-electrons, sulfinyl or phosphinyl oxygens, hydroxyl or ether oxygens or 
amino group may also be involved in hydrogen-bond formation. Electrostatic 
interactions may occur at charged groups or with permanent or induced dipoles. Steric 
interactions occur between large groups. 
A general chiral recognition model suggested by Pirkle [70] is shown in Figure 6. 
Figure 6. Model of chiral discrimination by Pirkle CSPs. 
For chiral recognition processes involving a 11"-11" interaction, the intermolecular 
interaction occurs between aromatic ring systems in the enantiomers and those in the 
CSP and is analogous to the interactions in aromatic charge-transfer complexes. The 11" 
-11" interaction can be described as an electron donor-acceptor interaction. The extent 
of interaction is influenced mainly by the electron affinity of the electron acceptor and 
the first ionisation potential of the electron donor. Also common to the 
enantioselective absorption processes of these CSPs are intermolecular hydrogen-
bonding interactions between polar groups. Even relatively weak hydrogen bonds to 
the 1I"-electrons in the aromatic ring or double bonds have been suggested to be 
important for chiral recognition. 
In 1985, Mourier et al. [71] reported the first enantiomeric resolution in SFC using a 
Pirkle-type stationary phase obtained by covalent bonding of (R)-N-(3,5-
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dinitrobenzoyl)phenylglycine on an aminopropyl silica gel. Chiral phosphine oxides 
were separated with supercritical and subcritical carbon dioxide. Later, Macaudiere et 
al. used the same column to separate enantiomeric amides [72]. Gasparrini et al. [73] 
have investigated the resolution of a group of sulfoxides, flurbiprofen and a1prenolol 
enantiomers using 71'-acidic stationary phase under subcritical fluid chromatography 
(SubFC) and SFC conditions. The oxazolidine derivatives of these amino a1cohols 
produced good peak shapes. The separation of the enantiomers of 71'-acidic analytes on 
71'-acidic CSPs derived from tyrosine is frequently observed and has also been noted by 
Caude et al. [54]. Mourier et al. [711 have evaluated SubFC and SFC for the 
resolution of a homologous series of enantiomer amides on the same Pirkle column 
used previously. They investigated the influence of temperature, the nature of the 
alcohol, and the addition of water to the mobile phase. Their studies indicated that 
better selectivities were observed at low temperatures and with a less polar alcohol (2-
propanol) as modifier., Addition I of small amount of water from 0.2 to 05% in the 
mobile phase greatly decreased the solute retention. 
From a comparison of the application of Pirkle-type CSPs to LC and SFC, a similar 
chiral recognition process was advocated by Macaudiere et al. [72]. This accounted 
for the observed chiral separations, when the mobile phase was changed from carbon 
dioxide-alcohol to hexane-a1cohol because equivalent stereose1ectivities, lX, and the 
same absolute elution order of enantiomers were obtained in both LC and SFC. 
Mourier et al. [71, 74] have pointed out that as the separation mechanism of 
enantiomers is similar in LC and SFC, supercritical and subcritical fluid 
chromatography on a Pirkle phase can probably resolve all the racemates already 
separated in liquid chromatography. 
A list of separated enantiomers by Pirkle columns in SFC from various references is 
shown in Table 4. 
Type Il ChiralCel column 
Cellulose is one of the most accessible naturally available optically active polymers. Its 
derivatives, particularly carbamates, exhibit high chiral recognition and can be used to 
separate a broad range of racemic molecules into optical isomers [39 - 41]. In 1984, 
Ichida et al. [76] developed a series of CSPs based on cellulose derivatives coated on 
macroporous silica. Many cellulose-based CSPs are currently commercially available 
including triacetate-, tribenzoate-, trisphenylcarbamate-, tricinnamate- and 
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Table 4 Separation of enantiomers on PirkIe columns in SFC 
Column Structure of solute and typical examples Ref 
DNBPG phosphine oxides 1-( 4-methyJnaphthyJ) 71 
CH, 
1 
1-(2-methoxynaphthyJ) 74 
@-t~o R= 9-phenanthryl 
R I-naphthyl 
1-(2-methylnaphthyl) 
DNBPG amides 37 
H H ,-CH1-C-(CH:] -CH, I. 
I ' CH,-C-[CHJ -CH, 
NHtOO 
I ' 
NH-~OO 
ChyRoSine-A oxazepam 54 
H 0 
I , OH O ... H-C,., 
1 C 
Cl.... "C-N/ '1-1 
6 
DACHDNB sulfoxides 0 ~ 73 • C§(" amino alcohols o n-C 10H2! o CONHOO 
a-methylarylacetic 0 00 , 
acids derivatives @"" .' 0 CH, 
0 
LoJ)~ o--z o~'-< iQ ©C: 
ChyRoSine-A ,B-blockers OH H 75 
A~O~~y r.
~NH2 0 ·H ~N~ 
Ar= o 0 
~ )§("OA ~O, 
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tris(3,S-dimethylphenylcarbamate)-cellulose (Table 3). The different cellulose 
derivatives, which have different enantioselectivities, have proved to be very useful in 
different application areas. Ichida et al. [76] suggested the following application rules 
for the CSPs: (i) cellulose triacetate (OA) is suitable for many racemates, and 
particularly for enantiomers having a phosphorus atom as the asymmetric centre; (ii) 
cellulose tribenzoate (OB) shows good chiral discrimination for enantiomers where a 
carbonyl group is close to the asymmetric centre; (iii) cellulose trisphenylcarbamate 
(OC) has a strong affinity for polar racemates and is sensitive to the molecular 
geometry of the substrate; (iv) cellulose tribenzyl (OE) ether is effective with protic 
solvents as mobile phases; (v) cellulose tricinnamate (OK) is suitable for many 
aromatic racemates and barbiturates; and (vi) cellulose tris(3,S-
dimethylphenylcarbamate) (OD) is especially suitable for ~-adrenergic blocking agents. 
The reaction of a carbamate moiety and its carbonyl or hydroxyl group of a solute is 
shown in Fig 7. Both N-H and C=O of the carbamate moiety can interact with a solute 
through hydrogen bonds. Hydrogen bonding between the polar groups of the 
enantiomers and the CO-NH- groups is assumed to be the main adsorbing forces. 
Therefore, this CSP is most suitable for resolution of polar drugs and polar structural 
elements, for example amide units. The separation of enantiomers on cellulose 
derivative phases also depends on the "steric fit" of analytes into the cavities of the 
material. It is thought that the chiral cavity or ravine in the stationary phase has a high 
affinity for aromatic groups, i.e. a 7r-7r interaction. For compounds containing such 
aromatic groups, it is believed that a portion of the molecule will enter the cavity. 
Many analytes that are successfully resolved on these phases have one or more 
aromatic rings or polar 7r-bond group such as carbonyl, sulfinyl, or nitro group. 
Wainer [42, 78] has proposed a chiral recognition mechanism for cellulose phases in 
Le. The mechanism includes, (i) the formation of a solute-CSP diastereoisomers 
complex between the -OH of the solute and an ester carbonyl on the CSP based on a 
hydrogen bonding interaction, (ii) the stabiIisation of the complex resulting from the 
insertion of the phenyl moiety of the solute into a chiral cavity of the CSP, and (iii) 
chiral discrimination between enantiomeric solutes depending on differences in their 
steric fit in the chiral cavity. 
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Figure 7. Interaction between carbamate moiety on CSP and carbonyl or hydroxyl 
group of a solute [77). 
A wide range of enantiomers can be resolved on the cellulose based CSPs [79). For 
example, on 3,5-disubstituted pheny1carbamates of cellulose and amylose more than 
350 racemates have been resolved in LC [77]. A detailed examination on the Type IT 
CSPs has indicated that the CSPs are very sensitive to changes in the molecular 
structure at the chiral centre due probably to its chiral resolution mechanism [79 - 80). 
The resolution of a homologous series of acyclic, enantiomeric amides on the 
tribenzoate form of the CSP where an increase in the steric bulk at the clUral centre 
results in an increase in the magnitude of the chiral resolution [80). 
The first application of cellulose based CSPs to SFC was reported by Lienne et al. in 
1988 [81]. The chromatograms showed a good resolution of a-methylene-r-Iactone 
enantiomers using ChiralCel OB column under SubFC conditions of carbon dioxide 
with 7.5% (v/v) of2-propanol. Macaudiere [41] has studied the utilisation of cellulose 
tribenzoate under SubFC conditions. In general, shorter analysis times and better 
resolution were observed in the SubFC system, when compared with the results 
obtained with LC solvents, due to higher efficiencies, indicating that SubFC provided a 
reliable means of controlling the optical purity of the solute. Nitta et al. [82] used 
chiral cellulose tris(phenylcarbamate) to successfully separate trans-stilbene oxide 
using supercritical and subercritical carbon dioxide. Their results suggested that the 
solvent characteristics of supercritical and subcritical carbon dioxide are superior to 
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those of liquid hexane as a chromatographic mobile phase. They also gained resolution 
and time by using SFC rather than LC. They demonstrated that SFC is more efficient 
and faster than SubFC. 
A comparison of SFC and HPLC on Type II CSPs was made by Kaida et al. [83]. Ten 
racemates were investigated using the pheny1carbamates of cellulose and amylose and 
4-methylbenzoate of cellulose as CSPs. A lower resolving ability with 
phenylcarbamates of cellulose and amylose was observed in SFC using carbon dioxide 
modified with methanol than in HPLC using hexane and 2-propanol as an eluent. 
However, 4-methylbenzoate of cellulose in SFC showed a higher optical resolving 
ability, comparable to that in HPLC. The optical resolving ability of cellulose tris(3,5-
dimethylpheny1carbamate) depended on the type and composition of the modifiers. It 
became obvious from these results that the cellulose based CSPs may have different 
chiral separation mechanisms under SFC, compared with LC. 
The relation between selectivity, a, and content of alcohol in mobile phase was studied 
by Macaudiere et al. [40]. The Cl value showed a maximum as a function of increased 
alcohol content in the mobile phases. Such a maximum was not observed under LC 
conditions. 
Some separated enantiomers on cellulose derivative columns in SFC are listed in Table 
5. 
Type Ill. Cydodextrin column 
Cyclodextrin (CD) bonded chiral phases have several advantages over other chiral 
phases [49]. The structure of cyclodextrins are chiral cyclic oligomers containing 6, 7 
or 8, (a, (3 and -y-cyclodextrin) D-glucose units, which are 1,4-linked. A typical 
cyclodextrin structure of {3-CD is shown in Fig 8. 
CD-bonded chiral phases were the first CSP deliberately designed to be used in the 
reversed-phase mode. The different CDs offer different cavity sizes, so one can 
separate a variety of different size ~ 
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Table 5 Separation of enanti0Illers on cellulose derivative columns in SFC 
Column Structure of solute and typical examples 
ChiralCel OC trans-stilbene oxide 
ChiralCel OB 3-thienylcyclohexylglycolic 
acid and its ether 
9 ~C_COOH 
l!. sJ ~H 
ChiralCeI OD 0 ~W 09H-S-V OC plh Ph OH 0 
OJ 
8-CH- mi (C,Hs)'C CHOH Co(acac), I " J 
C,Hs - CF3 
0 0 
pCONHPh 6 C,Hs ro 
CONHPh o C,Hs 
OHHO 
o--D - \ I 
CH3 CH, 
ChiralCel OB a-methylene-"{-Iactone a-methylene-"{-Iactam 
R 
-phenyl 
·3,4-methylenedioxyphenyl 
RI 
-phenyl 
-phenyl 
-phenyl 
-4·methoxyphenyl 
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·isopropyl 
-isopropyl 
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Figure 8. Structure of iJ-cyclodextrin along with a two glucose segment showing the 
numbering scheme employed [49]. 
The mouth of the cyclodextrin molecule has a larger circumference than its base. The 
secondary hydroxyl groups, on the C-2 and C-3 atoms of the glucose are on the wider 
edge of the toroid, whereas the primary hydroxyl groups on the C-6 atoms are located 
at the narrow end of the molecule cone. Also, the CD is attached to silica gel via its 
hydroxyl groups through average of two linkage chains. The interior of the 
cyclodextrin cavity has two rings of C-H (C-3 and C-5) and one ring of glycosidic 
oxygens. This gives the central cavity hydrophobic characteristics, which is an 
important characteristic of cyclodextrin and enables it to form inclusion complex of 
different stabilities with various water soluble and insoluble compounds [35]. 
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Particularly favourable for clural separations are molecules possessing an aromatic 
group, such as naphthyl or binaphthyl, close to the chiral centre. The formation of 
inclusion complexes may be caused by a hydrophobic effect, due to dipole-dipole 
interaction between the cyclodextrin and guest molecule and hydrogen bonding. The 
better the fit of the guest molecule, the better the separation. The size, shape and 
polarity of the analyte are the most critical factors influencing the stability of the 
inclusion complex. 
In general, the stability of the inclusion complex of cyclodextrin and guest molecule is, 
to some extent, dependent on the following factors: 
i. The size of the cyclodextrin cavity, which is detemlined by the number of glucose 
units, is shown in Table 6 [49]. 
Table 6 Characteristics of Cyclodextrin CSPs 
CD Glucose Molecular External Internal Depth Water 
Units Weight Diameter Diameter Diameter Solubility 
A A A M 
a-CD 6 973 13.7 5.7 7.8 0.114 
13-CD 7 1135 15.3 7.8 7.8 0.016 
'Y-CD 8 1297 16.9 9.5 7.8 0.179 
ii. The guest molecules of suitable size. If the guest molecules are too small compared 
to the CD cavity, there may be little or no binding. However, binding of larger 
molecules to the cyclodextrin may be possible only if certain groups or side chain of 
the molecule can enter the cavity effectively [35]. 
iii. Functional groups on the guest molecule. Hydrogen-bonding of polar molecules 
with the secondary hydroxyl groups generally occurs preferentially to inclusion 
complexion [85]. Amine and carboxylate groups will interact with the hydroxyl groups 
of cyclodextrin through hydrogen-bonding. 
iv. The nature of the bulk solvent. Modifier molecules may compete directly with the 
guest molecule for the central cavity, which will reduce the tendency of analyte 
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molecule to associate with the cyclodextrin molecule [86]. For example, in normal 
phase chromatography using hexane as a mobile phase, the apolar solvent enters the 
cavity and may block it, so that it prevents any enantiomeric resolution. 
Cyclodextrin columns are commonly used in the traditional reversed-phase (RP) mode " 
of chromatography [87] for a dural separation because the chiral recognition process 
is based mainly on inclusion complex formation by a hydrophobic effect between the 
CD hydrophobic internal cavity and appropriate solute moieties [85]. Typical eluents 
are those containing methanol or acetonitrile in water. The best separations were 
reported with water-methanol eluents [85]. This was attributed to the lower affinity of 
the methanol for the cyclodextrin cavity [88]. Retention can be increased by increasing 
the water content and the separation of the ionisable compounds can be affected by 
altering the pH of the mobile phase. McClanahan and Maguire [89] have separated the 
enantiomers of urinary metabolite of phenytoin on a {J-CD column. Cyclobond 
columns have been useful in the separation of many drug stereoisomers [90 - 92]. 
CD columns could also be used in a normal phase (NP) mode in LC, with an apolar 
solvent, usually hexane, as a mobile phase. It allowed the separation of various classes 
of molecules, for example, 2-naphthoyl amide derivatives of 2-a1kylanlines, tertiary 
phosphine oxides, etc. Lower selectivity was systematically obtained with the normal 
phase LC [37], which may be attributed to strong hold of the hexane in the cavity of a 
cyclodextrin CSP resulting in blocking the cavity and prevention of chiral recognition. 
The cases of a supercritical and subcritical carbon dioxide mobile phase are 
interesting. The superiority of SFC over normal phase LC may be because the smaller 
size carbon dioxide molecule (relative to hexane) could be displaced more easily than 
other apolar solvents from the {J-CD cavity. This hypothesis has been verified by 
Macaudiere [37] for the resolution of racenlic arnides and phosphine oxides on a {J-
cyclodextrin-bonded phase. They found that selectivity, efficiency and time were 
gained using SubFC compared with LC, and high polarity of cyclodextrin necessitates 
the use of a high concentration of modifier. Enantiomers such as a-methylene-'Y-
lactone, o-anisyl methyl cyclohexane phospine oxide and oxazepam, which are barely 
or not resolved on CD CSPs in LC, were separated using SFC [39]. Therefore, the 
scope of application of the Type III CSPs in SFC and in LC offer to be dissinlilar and 
may allow the separation of new classes of racemates. 
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So far, the a-CD column has not been used in SFC for dural separation, but it has 
been used in LC for some of the enantiomers of aromatic amino acids, phenylalanine, 
trytophan, tyrosine and 19 analogues [93]. 
A brief survey of enantiomers separated by cyc10dextrin column in SFC is given in 
Table7. 
Table 7 Separation enantiomers on cyc10dextrin column in SFC 
Column Structure of solute Ref 
{3-CD amides phosphine oxides 37 
H 
I. CHI-~-[CHI],-CHs 
NH-~OO © © H '"~ CH,-P:O I. rgrOCH, CH,-C-[CHJ -CH, I ' 
NH-~OO 
{3-CD phosphine oxides oxazepam 39 
cH,20 ~ H P 1 O .... N-C,.PH CHl -1I-0 Cl..... ....C .. N ... C'H @r0CH~ c§:rCCHl 6 0 
TypeJVandV 
The remaining two types of CSPs, i.e. Type IV Jigands and V protein bond columns, 
have not been used in SFC because both of them require an aqueous elution medium. 
The large number of commercially available CPSs and rapid development for new 
CSPs I provides a wide choice for the analyst facing enantiomeric separation tasks. 
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However, selection of an appropriate CSP for a given racemate is a difficult problem. 
Generally, the CSP should produce an adequate resolution within a reasonable analysis 
time, and be rugged and stable to typical analytical conditions to give reproducible 
results. Taylor [52] suggested a selection procedure for CSPs in liquid 
chromatography. It has been found to be very useful as practical guidance. For the 
application of the established CSPs to new areas, however, a trial-and-error is never 
avoidable. 
1.5.4 The effects of operating parameters on SFC chiral separation 
Several parameters affect the retention, Istereoselectivity and resolution in SFC. Among 
the most important are temperature, pressure, the nature and composition of the 
mobile phase and chiral stationary phase. The effects of these parameters in 
supercritical fluid have been studied by number of workers [17, 37, 39 - 41, 71, 74 -
75, 82, 84, 94], but the amount of information available on the subject is still 
considerably less than that for HPLC or GC. 
Effect of temperature 
The effects of temperature on efficiency, selectivity and resolution of chiral separations 
have been investigated in a number of studies [71, 74 - 75, 82, 84, 94]. The 
temperature in SFC has a close relationship with pressure and mobile phase density. 
So the temperature dependence can be considered under either constant density or 
constant pressure conditions. At a constant pressure, a decrease in the temperature 
results in an increase in density, which has led to attempts to speed up separation by 
the use oflow temperatures at constant pressure. 
However, Mourier et at. [74] carried out a series of SFC experiments on chiral 
separations to examine the relationship between temperature and capacity factor (k). 
Their results were obtained for a mobile phase of carbon dioxide under various 
densities, and indicated that the capacity factor often decreased with an increase in 
temperature at constant density. In general, this important decrease of retention with 
increased temperature can be explained [95] by the increase in vapour pressure of the 
substrate, by a solubility increase in the mobile phase and, in the case of adsorption on 
the stationary phase, also by a decrease in adsorption with temperature. The extent of 
temperature effect on capacity factor (k) can, however, differ depending on the nature 
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of the substrate and stationary phase and thus selectivity may also be changed by 
changing the temperature. 
In general, the relationship of temperature with selectivity (a) can be expressed by 
Gibbs-Helmholtz equation [84]: 
In Cl = (MSIR) - (MHlRT)' (5) 
Where dAH and AAS are Gibbs-Helmholtz parameters showing the difference in 
interaction between two enantiomers. R is the universal gas constant, and T is the 
temperature in degrees kelvin. In chromatography, the contribution of enthalpy (AH) 
in the interaction is typically larger than entropy (AS) [84]. According to this 
equation, enantioselectivity of a system decreases with increases in analysis 
temperature although it is not the case in the ligand-exchange liquid chromatography, 
where a better a is obtained with increasing temperature [96]. However, the extent of 
the increase in a with increasing temperature is' usually empirical. 
For enantiomeric separations in SFC, the analysis temperature are used usually from 
ambient to 90 DC. Frequently, dUral analysis is conducted below the supercritical 
temperature, i.e. under subcritical conditions. The mobile phase with modifiers has 
higher critical parameters than pure carbon dioxide. Because the properties of the 
mobile phase do not change sharply at the border between the subcritical and 
supercritical region, the advantages of SFC are, more or less, also valid for SubFC. 
Although there is a loss of efficiency in the SubFC, which is caused by slower mass 
transfer at the lower temperatures, SubFC produces higher enantioselectivities, which 
can sometimes compensate for the loss of efficiency. A study was made by Mourier et 
al. [71], who investigated the enantiomeric separation of phosphine oxide on a Pirkle 
column under supercritical and subcritical conditions of carbon dioxide with several 
modifiers. Their results suggested that better separations were obtained with 
subcritical conditions. A more detailed study was also made by Mourier et al. [74] and 
demonstrated that the lower the temperature, the higher the selectivity. 
Lou et al. [97] have used SFC on a chiral capillary column to separate amino acid 
enantiomers in an investigation of the effects of parameters including temperature. 
They also made a comparison between SFC and GC techniques. They found a good 
linear relationships between In a and lIT for the amino acids tested for SFC and GC. 
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Higher et was observed with SFC rather than GC owing to the lower temperatures 
used in SFC. 
Effect o/mobile phase properties 
The effects of variations in pressure, which are considered to work through changing 
the density of mobile phase, have been studied in both HPLC and GC. In HPLC, 
because a virtually incompressible mobile phase is used there is no velocity gradient 
across the column and the capacity factors are almost independent of the operational 
pressure [98]. The effects of the column pressure drop on efficiency in GC were first 
described by Giddings [99]. He presented a theoretical study in which it was shown 
that even severe pressure drops lead to little loss of resolution in GC. The column 
pressure drop may also influence capacity factors in GC and a small, but measurable, 
influence of carrier gas pressure has been observed by several authors [100]. For 
routine GC, however, this effect is not a major source of concern. 
SFC can be regarded as a technique intermediate between GC and LC. However, the 
pressure dependence of retention is a notable exception to this rule. Whereas capacity 
factors are almost independent of the pressure in GC and LC, pressure and its effect on 
density are the key parameter controlling retention in SFC. 
At a constant temperature in SFC, when pressure increases the density of mobile phase 
increases and, as a consequence, the capacity factor decreases. Such an influence on 
density in enantiomeric analysis was well demonstrated by the work of Mourier et al. 
[74]. In their work, they examined the retention over a range of density from 0.6, 0.7, 
0.8 to 0.9 g.cm·J at temperatures of 300, 320, 340 and 360 K, respectively, using 
stationary phase ofLiChrosorb Si 60. They found that under all the conditions studied, 
the capacity factors decreased with the increase in pressure. This tendency was 
explained because the density of mobile phase governs the solute retention by 
modification of the solubility of the solute in mobile phase [101 - 102]. However, some 
other results have indicated that, in some cases (e.g. at high pressure), both retention 
and solubility increased with temperature, and thus, there must be an increase in the 
solute-stationary phase interactions, which can only be explained by a change of the 
nature of the stationary phase [74]. 
Macaudiere et al. [72, 75, 82, 94, 97] found that mobile phase density had no 
significant influence on enantioselectivities. However, results of non-enantiomeric 
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analyses by VilIennet et al. [101] suggested that the selectivity (a) can increase, 
decrease or remain constant when the density increases, depending on the stationary 
phases and nature of the solutes. It appears that mobile phase density may play a 
different role in different situations. 
In addition to the various parameters discussed previously in SFC, a modifier can be 
used to alter .the physical properties and hence the solvating power and 
enantioselectivity of the supercritical fluid. This can be perfonned by using different 
organic solvents, such as organic alcohols (methanol or 2-propanol), and changing the 
concentration of the modifier [17, 40 - 41, 71, 103]. A number of reports had 
descnoed the effect of organic modifiers on solute retention and enantioselectivities 
[37,68,74,82, 101] with carbon dioxide as the primary mobile phase. The addition of 
small amounts of organic modifier to the primary supercritical mobile phase can 
improve peak shapes, reduce solute retention and promote enantioselectivity. 
Generally, these effects have been attributed to an increased solubility of solutes in the 
mobile phase and modification of stationary phase. 
The criteria for the modifier selection include their chemical stability, polarity and 
solvent strength. Different modifier effect mechanisms predominate depending on the 
type of stationary phase, mobile phase, and solute. The influence of the alcohol on the 
chiral selectivity was studied by Macaudiere et aL [40] for the amide series using the 
ChiralCel OB CSP in SubFC. The similar results to those obtained in LC [78] were 
produced. In some cases, the branched alcohols, e.g. 2-propanol and 2-butanol, were 
observed to give higher enantioselectivities than linear ones (methanol, ethanol, 1-
propanol and I-butanol). Since efficiency is always higher for a linear alcohol than for 
a branched alcoho~ the resolution per unit of time remains quasi-independent of the 
alcohol nature; similar results have been previously reported for Pirkle-type CSPs [72]. 
At high alcohol content, a decrease in enantioselectivity is commonly observed due to 
the preferential solvation of the chiral sites by the alcohol molecules, thus diminishing 
the number of chiral selective solute-CSP interactions. A decrease at low alcohol 
content is less common. However, the decrease in enantioselectivity at high alcohol 
content trend was not observed with LC [72], indicating that SFC and LC may be 
different in the resolution mechanisms. 
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1.6. Objectives of the study 
As a novel analytical technique, SFC has attracted considerable interest for academic 
research and industrial applications. The literature survey reveals that SFC may offer 
considerable advantages, including high efficiency, quick analysis, and controllable 
density or pressure of mobile phase, over GC and HPLC for enantiomeric separation. 
Differences in chiral resolution mechanism on CSPs between SFC and HPLC imply 
new areas for the application of these CSPs. 
For a practically successful application of a chiral stationary phase, studies to optimise 
separation conditions are usually required. For academic research on the SFC chiral 
separation it is essential to examine the effects of temperature, pressure, chiral 
stationary phases and modifier addition, etc., as the results from such studies may give 
some indication of the separation mechanism. 
This project is aimed at investigating the influence of experimental parameters on the 
SFC separation of two series of molecules on Type I to rn CSPs (Table 3), applicable 
to SFC. The first group of molecules examined the relationship between structure and 
resolution for a number of substituted benzyl alcohols and related compounds and the 
application of chiral SFC was then applied to the benzodiazepines which have been 
studied by SFC in a previously study in this laboratory [104], as examples of fairly 
polar drugs. 
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Chapter. 2 
EXPERIMENTAL WORK 
This Chapter covers the specific experimental aspects of the work, including the 
chemicals, equipment, general operation and a discussion of the experimental 
conditions. 
2.1 Chemicals used 
Solvents: 
The carbon dioxide used was industry grade (99.98%) supplied by BOC Ltd., 
Brentford, Middlesex, UK. Methanol, 2-propanol, dichloromethane, acetone, ether, 
tetrahydrofuran and methylene chloride (HPLC grade) were supplied by FSA 
Laboratory Supplies, Loughborough, UK. 
Chemicals: 
D-3,5-DinitrobenzoylphenylgIycine, trifluoroacetic acid and N-ethoxycarbonyl-2-
ethoxy-l,2-dihydroquinoline were obtained from A1drich Chemical Co. Ltd. and amino 
propyl silica gel (51') was from Phase Separations Ltd., Deeside. UK. Nitrobenzene, 
ethyl benzoate, butyrophenone, N-propylaniline, p-cresol were from A1drich Chemical 
Co. Ltd. 
Testing chiral compounds: 
Two mains types of chiral compounds were investigated in this research, including 
benzyl alcohol related compounds, drug chiral molecules and other chiral molecules, 
shown as follows. The structures of these chiral compounds are given in Figure 9. 
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Figure 9 The structures of the chiral compounds to be tested 
Compound Structure Compound Structure 
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Ibuprofen I-Phenyl-l-propanol 
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Continue Figure 9 
Compound Structure 
I-Phenyl-I,2-ethanediol 
Styrene oxide 
TFAE 
Compound Structure 
Pinene 
Tetrahydro-I-naphthol 
Lormetazepam 
R,=ClL 
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R,=H Cl 
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Benzyl alcohol group: 
I-Phenyl-I,2-ethanediol, 1- phenyl-I-propanol, l-phenyl-2-propanol, 2-phenyl-l-
propanol, tetrahydro-l-naphthol, 2,2,2-trifluoro-(9-anthryl)-1-ethanol (TF AE), 
benzoin, ethyl mandelate, styrene oxide, and ephedrine were from Aldrich Chemicals. 
Drug molecules: 
Lorazepam, lormetazepam, temazepam, hexobarbital were obtained from the reference 
collection of the Central Research Establishment, Home Office Forensic Science 
Service, Aldermaston, UK, ibuprofen was a commercial sample from a Boots the 
chemist, UK. 
Others: 
Pinene was from FSA, Loughborough, UK. 
Pure enantiomers: 
(R)-( + )-l-phenyl-l-propanol; (R)-( -)-l-phenyl-l ,2-ethanediol; (R)-( -)-tetrahydro-I-
naphthol were from Aldrich Chemical, Co. Ltd. 
2.2 Equipments 
In this work a previously described home-made SFC system was employed [67]. A 
schematic diagram of the system is shown in Figure 10. 
2_2_1 SFC system 
Liquified carbon dioxide gas from a cylinder with a dip tube was introduced into a 
cooling chamber. It was passed through a valve, a flit filter and another valve before it 
was passed through a 7 p.m in-line filter (Nupro) to remove any solid materials before 
it entered the pump. Pressures higher than the cylinder pressure were obtained by using 
a Jasco BIP-l pump (Jasco Ltd., Tokyo, Japan). The check valves and pumping head 
were cooled by encasing them in a metal box through which an ethylene 
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Figure 10 Schematic diagram of the SFC system 
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glycoVwater mixture of between -25°C and 0 °C was circulated. The pump operated at 
a constant flow condition. A Pye Unicam 4100 LC pump (Pye Unicam, Cambridge, 
UK.) was used to add organic modifier to the pressurised carbon dioxide in the mixing 
chamber. The fluid then passed through a solvent mixer into a length of 1/16 inch 
tubing placed in the oven unit of a Pye Unicam Series 104 gas chromatography (Pye 
Unicam, Cambridge, UK.) which used as a heat exchanger. Samples were injected into 
the preheated carbon dioxide mobile phase through a Rheodyne 7125 (Rheodyne, 
Berkeley, USA.) injection port with a 20-1'1 loop mounted on top of the oven at 
ambient temperature and then the flow was passed to a packed analytical column in the 
oven unit. The eluent pressures prior to and after the column were monitored using 
pressure gauges (SSD and Budenberg). The analytes were detected with a ACS 
750112 (ACS, Ltd., Macclesfield, UK.) variable-wavelength ultraviolet 
spectrophotometric detector or flame ionisation detector (FID). The chromatographic 
peaks, retention etc. were recorded by Hewlett Packard 3396A and 3394A integrators. 
2.2.2 Chromatographic columns 
The ChiralCel OB and OD columns were obtained from Daicel (Europa) GrnbH, 
Dusseldorf, Germany, and Cyclodextrin columns from Advanced Separation 
Technologies Inc. Wbippany, USA. The Pirkle column was prepared in the laboratory 
using a preparative synthetic method [53] (See 2.3.1). Some details of the commercial 
columns are listed in Table 8. 
Table 8 Details of the analytical columns used: 
Dimension Packing material Batch No. 
250 x 4.6 mm id ChiralCel OD 73-07-90908 
250 x 4.6 mm id ChiralCel OB 50-7-21210 
250 X 4.6 mm id Cyclobond Q(-HI 2020 
250 x 4.6 mm id Cyclobond I (3-RN 4560 
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2.2.3 Spectroscopy 
Ultraviolet spectra were measured and recorded using a Shimadzu UV 160 recording 
spectrophotometer. 
2.3 Operation procedure 
2.3.1 Synthesis of Pirkle column 
D-3,5-DinitrobenzoylphenylgIycine (2.5 g) was stirred magnetically in dry THF (50 
mI), and poured over dry aminopropyl silica gel (2.5 g) and N-ethoxycarbonyl-2-
ethoxy-l,2-dihydroquinoline (EEDQ) (2.0 g). The mixture was stirred for about ten 
hours at room temperature. The silica was isolated by filtration under vacuum 
(Whatman GF/A), and washed repeatedly with methanol, acetone and ether before 
packing into a column as a slurry in methanol at 6000 psi. 
To pack the column, a Haskel air-driven fluid pump (Haskel Engineering, Burbank, 
Califomia, U.S.A) with compression ratio of 122:1 was used. The packing material 
was first ultrasonicated in the packing solvent to minimise coagulation before being 
placed in a 30 cm X 8 mm i.d stainless steel packing vessel. 
After being packed, the column was pretreated by running through trifluoroacetic acid 
(2.5 g) in 50 mI of methylene chloride at 2.0 mlImin to protonate any remaining free 
amino groups. 
Finally, the column was washed by running through with methanol (50 mI), THF (50 
mI) and dichloromethane before use. 
2.3.2 Sample preparation 
The chiral compounds were studied as solutions made up in methanol. The 
concentrations of chiral test compounds were made in a range of 5 - 12 mglmI. There 
was no pretreatment of the prepared samples before injection. 
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The injection volume varied depending upon the sample, from 1 JLI to 20 JLI, to give 
suitable absorbance with the UV detector at a wavelength of 220 om. 
2.3.3 Calculations of SFC parameters 
(1) Capacity factor (k) was calculated from the equation. 
(6) 
where the column void volume, to is the retention time of a non-retained component 
and t, is the retention time of the solute. Methanol was used as the column void 
volume marker. The capacity factor quoted are mean values obtained over several 
runs. 
(2) Resolution percentage (Rs%) 
Rs% = (1 - aIb) x 100 
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(7) [105] 
Rs and Cl were calculated using formulae, described in Section 1.4.1. 
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2.4 Discussion of experimental study 
2.4.1 Preliminary studies of the use of water as a modifier 
It is interesting to note that in SFC, the addition of water to the modifier is reported 
to increases both selectivity and efficiency for some analytes [106 - 108]. It has been 
reported that saturation of supercritical carbon dioxide with water significantly 
improves the resolution of polar solutes, such as long-chain free fatty acids in packed 
colunm supercritical fluid chromatography,- with flame ionisation detection [108]. 
Mourier [71, 74] has reported that the addition of water to the mobile phase 
greatly decreases the solute retention and increases the stereoselectivity on Pirkle 
phase. The polarities of these modifiers, according to Rohrschneider [109 - 110], 
are water (10.2) > methanol (5.1) > ethanol (4.3) > 2-propanol (3.9). When a SFC 
system is used for chromatographing polar compounds with non-polar carbon 
dioxide as mobile phase, the addition of small quantities of water can increase the 
chromatographic colunm efficiency, because the colunm efficiency is greater when the 
polarity of the modifier is high [71]. Furthermore, water added to the mobile phase 
would not interfere with the FID. So when polar compounds without 
chromophores are chromatographed using a FID, water may be ideal as a 
modifier. 
Such considerations led to an initial experiment of the influence of water as a modifier. 
In this study, butyrophenone, N-propylaniline, nitrobenzene, p-cresol, and ethyl 
benzoate were determined on ODS2 colunm, using "dry" and water-saturated 
supercritical carbon dioxide as the mobile phase. Water was pumped by a second 
pump and mixed with carbon dioxide at a mixing chamber. The flow rate of water 
was 10 /LVmin. Carbon dioxide flow rate was 2 m1lmin. The results are shown in 
Table 9. Saturated carbon dioxide improved the chromatographic performance, i.e. 
(A) peak shapes were improved and (B) retention time was reduced. However, water 
used as modifier was unsuitable for UV detection, because it caused considerable 
noise in the UV detector. Furthermore, water-saturated carbon dioxide froze on 
depressurisation and blocked the SFC system. To resolve this problem in future work, 
it is suggested, ammonia or formic acid could be used with the water as a modifier or 
to use alcohol with the water as a modifier [71, 74]. 
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Table 9 The effect of water as a modifier on capacity factors on ODS2 column in 
SFC 
Conditions: oven 60 oC, mean pressure 125 bar, UV 450 nm. 
Compound capacity factor k 
water 0% water 0.5% 
Nitrobenzene LOS 0.52 
Ethyl benzoate 1.66 0.68 
Butyrophenone 2.51 1.05 
N-propylanoline 3.84 1.32 
p-cresol 4.31 2.11 
2.4.2 Studies of the flame ionisation detector 
FID is typically a hydrogen-air flame with very low background current of 10.13 to 1 0.14 
A. It responds as a mass flow detector for almost all organic compounds, including 
compounds without chromophore, but it does not respond significantly to the carrier 
gas. 
Pinene with a weak chromophore was tested on a ChiralCel OD column using UV 
detector and FID under supercritical carbon dioxide as the mobile phase. However, no 
peaks were obtained, it was not clear if this was because of experimental problem or if 
the pinene was not eluted from the column. 
This work was not extended because although previous reports [111 - 112] have 
suggested that the potential addition of small amounts of organic solvents (e.g. 
methanol) as modifier to the carbon dioxide mobile phase can reduce retention and 
give a better separation of polar compounds. However, FID is not directly compatible 
with most organic mobile phases and modifiers because they give high background 
signals, even at the 1 % level. Detailed studies of the effect of modifier were 
subsequently carried out using UV detector. 
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Chapter 3. 
RESULTS AND DISCUSSION 
In accordance with the aims of this research, chiral separations on selected 
ChiralCel, Cyclodextrin and Pirkle CSPs under various SFC and SubFC conditions 
were investigated This chapter will present the experimental results and discuss them 
in detail. 
3.1 The separation on ChiralCel CSPs 
Chiral resolution mechanisms by ChiralCel CSPs generally involve intermolecular 
interactions and inclusion between solute and CSPs. ChiralCel CSPs have been widelYI 
applied to chiral separation in LC and SFC. In this section a study of the separation of 
two types of chiral molecules by ChiralCel OB and ChiralCel OD columns is described. 
The effects of various parameters including temperatures, pressures, and modifier 
addition on the separation are also discussed. 
3.1.1 Comparison of ChiralCel OB and ChiralCel OD columns 
A set of test chiral compounds was selected. This contained a series of closely-related 
chiral benzyl alcohols, which have phenyl and hydroxyl groups, TF AE which was 
often proposed as a test solute [54, 83], and some drug compounds including 
benzodiazepines, barbiturates and ibuprofen. The SFC of these benzodiazepines drug 
has been investigated previously in this laboratory [104], and they represent an 
important class of pharmacologically active compounds, which are widely used in 
clinical practice as hypnotics, muscle relaxants, and anticonvulsant agents [113 - 116]. 
Hexobarbital, which has pharmacologically hypnotic activity [117 - 119], has been 
resolved by some researchers on different kinds of chiral stationary phases in HPLC. 
Ibuprofen was reported [119 - 121] to be one of the most potent orally active anti-
inflammatory, antipyretic, and analgesic agents of a large number of substituted 2-
phenylalkanoic acids based on a variety oftests in animals. 
Investigations were carried out to separate·· these enantiomeric compounds. The 
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experiments were performed under supercritical conditions using carbon dioxide as the 
mobile phase at a constant temperature of 40°C and 125 bar pressure, on ChiralCel 
OB (cellulose tribenzoate) and ChiralCel OD (cellulose tris(3,5-
dimethylphenylcarbamate)) colunms. These colunms have been successfully used to 
separate enantiomeric compounds, including some drugs in HPLC [7, 78, 80, 122 -
125]. Unfortunately, under these conditions, none of the tested chiral compounds were 
eluted within reasonable pressure, temperature and time limits, due to the low polarity 
of carbon dioxide, which has proved to be insufficient for the elution of polar 
compounds. 
Generally, there are two possible ways to improve the analysis times and separation for 
polar or large molecules: firstly, by adding a modifier such as methanol to the mobile 
phase and secondly, by using a higher pressure. There are some beneficial reasons for 
the addition of modifier, e.g. to increase solvent strength, enhance selectivity and 
improve peak shape and colunm efficiency [Ill - 112]. In this study, with the addition 
of7 vol% methanol (MeOH) to the mobile phase of carbon dioxide, the'separations of 
these chiral compounds were much improved. Results of the experiments for the 
capacity factor of first peak (k,) and the selectivity (a.) are summarised in Table 10. 
On the ChiralCel OB column, it was found that although all of the fourteen chiral 
compounds were eluted within reasonable times, successful chiral separations of the 
benzyl alcohol related compounds had only been achieved for I-phenyl-l-propanol, 
tetrahydro-l-naphthol, I-phenyl-l,2-ethanediol, benzoin, and some important drug 
molecules such as temazepam, lorazepam and hexobarbital. A higher enantioselectivity 
was obtained with compounds that included a rigid planar structure, such as 
tetrahydro-l-naphthol rather than a flexible aliphatic side chain. 
On the ChiralCel OD colunm all of the compounds studied were eluted, among which, 
I-phenyl-l-propanol, tetrahydro-l-naphthol, ethyl mandelate, TFAE, and the drugs, 
hexobarbital, lorazepam, lormetazepam, temazepam were well resolved. The highest 
selectivity (a. = 2.12) was obtained for TFAE. In this case the cyclic tetrahydro-l-
naphthol was more weakly resolved than the I-phenyl-l-propanol. 
The two columns offered different chiral discrimination mechanisms, which were 
recognised by the evidence that the enantiomers of I-phenyl-l,2-ethanediol were 
separated by ChiralCel OB but not by ChiralCel OD colunm. Whereas the ChiralCel 
OD colunm did separate ethyl mandelate, TF AE and lormetazepam they were not 
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resolved on ChiralCel OB column. 
Table 10 Comparison of enantiomer separation on ChiralCel OB and OD columns 
in SFC using carbon dioxide with 7 vol% methanol as the mobile phase 
Conditions: oven 40 oC, W 220 run, mean pressure 125 bar. 
ChiralCel OB ChiralCel OD 
Compound k, a. k, a. 
I-Phenyl-l-propanol 0.65 1.12 1.47 1.20 
I-Phenyl-2-propanol 0.60 1.00 1.39 1.00 
2-Phenyl-l-propanol 1.05 1.00 1.69 1.00 
Tetrahydro-l-naphthol 1.22 1.24 2.44 1.10 
I-Phenyl-l,2-ethanediol 1.54 1.13 5.88 1.00 
Hexobarbital 2.39 1.15 5.07 1.07 
Benzoin 1.27 1.11 * 
Ethyl mandelate 0.30 1.00 1.10 1.84 
Ibuprofen 0.45 1.00 0.55 1.00 
Styrene oxide 0.68 1.00 0.72 1.00 
TFAE 3.68 1.00 11.42 2.12 
Lormetazepam 5.08 1.00 11.76 1.17 
Temazepam 6.39 1.51 11.00 1.10 
Lorazepam 1.50 3.82 32.28 1.26 
Ephedrine • 0.29 1.00 
• Not studied. 
3.1.2 Influence of methanol as a mobile phase modifier 
In SFC separations, experimental parameters have a significant influence. These 
parameters include temperature and density that determine the physical state of carbon 
dioxide and the nature and concentration of modifier that determines the polarity of the 
mobile phase. 
In order to examine the effects of m6bile phase composition on capacity factor, 
selectivity and resolution in SFC, a series of chiral separations was carried out for the 
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compounds that were resolved with 7 vol% methanol by changing the methanol to 
carbon dioxide ratio in the mobile phase from 2-7 vol% for benzyl alcohol, 5-10 vol% 
for benzodiazepines on ChiralCel OB column (Table 11 and Figures 11 - 12) and from 
3-10 vol% for benzyl alcohol, 5-12 vol% for benzodiazepines on ChiralCel OD column 
(Table 12 and Figures 13 - 14). Chromatograms are shown in Figures 15 - 16. Some 
unresolved clliral compounds with 7 vol% methanol were also studied on ChiralCel 
OB column by changing alcohol concentration (Table 13). 
Results in Tables 11 - 12 indicated that the capacity factors of all the compounds 
were reduced by increasing methanol concentration, as would be normally expected 
in SFC because of the polarity of methanol (Figures 11 and 13). The modifier 
increases the solubility in the mobile phase, and in addition the modifier molecule 
competes with the solute on specific sites on the stationary phase, therefore, the higher 
the modifier concentration, the lower the retention. The reductions in percentage of 
capacity factors were significant and similar for both the large molecules, e.g. 
temazepam and lorazeparn, and the smaller molecules. For example, the capacity factor 
(kl) of temazepam was reduced by 65%, while 1-phenyl-I-propanol was reduced by 
69%, with an increase in methanol concentration from 5 to 10 vol% on ChiralCel OD 
column. These results agreed well with the previous reports that small amounts of 
polar modifiers added to carbon dioxide mobile phase have a large effect on capacity 
factor [Ill - 112], and a similar trend was obtained for benzodiazepam and barbiturate 
separations in this laboratory [104, 126] . 
In general, the influence of increasing methanol concentration on the selectivities of 
the compounds studied was small but there were some exceptions (Figures 11, 13). 
Selectivities significantly decreased from 4.21 to 2.85 for lorazepam on the ChiralCel 
OB column (Table 11) as the methanol concentration increased from 5 to 10 % in 
volume. The decrease of selectivity at high alcohol content can be ascribed to the 
saturation of chiral sites by the polar modifier and elimination of the number of 
stereoselective solute-CSP interactions. For some molecules having low selectivities, 
control of the methanol concentration was important for a successful separations. For 
instance, tetrahydro-l-naphthol was only separated (a. = 1.10) on ChiralCel OD 
column at 5 and 7 vol% of methanol concentration (Table 12), but could not be 
resolved (a. = 1.0) when the methanol concentration was 10 vol%. This indicated that 
at high alcohol content there was reduced interaction between the solute and chiral 
moieties, resulting in no selectivity. The trend shown in Tables 11 - 12 is that moderate 
amounts of methanol modifier benefits large enantioseparation. 
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Table 11 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SFC on ChiralCeI OB column 
Conditions: oven 40 oC, UV 220 nm, primary eluent carbon dioxide, mean pressure 125 bar. 
Compound MeOH"1o k, k, a Rs Rs% 
I-Phenyl-I-propanol 7 0.65 0.74 1.12 0.32 20 
5 0.72 0.81 1.13 0.51 35 
3 0.91 1.04 1.14 0.97 88 
2 0.96 1.09 1.14 0.50 48 
Tetrahydro-l-naphthol 7 1.22 1.51 1.24 1.14 95 
5 1.36 1.71 1.26 1.35 lOO 
3 1.98 2.48 1.25 1.88 lOO 
2 2.17 2.72 1.25 1.42 lOO 
I-Phenyl-l,2-ethanediol 7 1.54 1.74 1.13 0.63 53 
5 2.30 2.62 1.14 0.82 72 
3 3.97 4.54 1.14 0.86 67 
2 5.17 5.95 1.14 0.74 53 
Hexobarbital 7 2.39 2.65 1.15 1.11 85 
5 2.58 2.98 1.15 1.12 86 
3 4.28 4.96 1.15 1.16 88 
2 5.51 6.31 1.15 1.04 82 
Benzoin 7 1.27 1.42 1.11 0.45 44 
5 2.27 2.54 1.11 0.70 68 
3 2.79 3.11 1.11 0.78 72 
Temazepam 10 2.75 4.49 1.63 1.61 100 
7 6.39 9.66 1.51 1.68 100 
5 8.69 13.96 1.58 2.09 100 
Lorazepam 10 0.80 2.88 2.85 1.89 100 
7 1.50 5.73 3.82 2.44 100 
5 2.43 10.22 4.21 3.92 lOO 
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Figure 11 Capacity factors (k,) and selectivities (a) at different methanol 
percentages in SFC on ChiralCel OB column 
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Figure 12 Resolution (Rs) and resolution percentage (Rs%) at different methanol 
percentages in SFC on ChiralCel OB column. 
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Table 12 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SFC on ChiralCel OD column 
Conditions: oven 40 oC, UV 220 nm, primary eluent carbon dioxide, mean pressure 125 bar. 
Compound MeOH% k, k, a Rs Rs% 
I-Phenyl-I-propanol 10 0.74 0.85 1.15 0.36 31 
7 1.46 1.77 1.20 1.06 94 
5 1.85 2.22 1.20 1.39 lOO 
" 1.98 2.41 1.22 1.29 100 ~
Tetrahydro-I-naphthol 10 0.97 0.97 1.00 0 0 
7 2.44 2.68 1.10 0.78 72 
5 3.14 3.48 1.10 0.95 94 
3 3.68 3.99 1.08 0.77 82 
Hexobarbital 10 1. 61 1.72 1.08 0.33 42 
7 5.07 5.42 1.07 0.63 62 
5 6.50 6.93 107 0.80 74 
3 7.11 7.69 1.08 0.85 64 
Temazepam 12 3.95 4.29 109 0.86 62 
10 8.72 9.71 1.11 1.07 82 
7 11.00 12.05 1.1 0 1.03 77 
5 19.78 21.50 1.09 1.02 70 
Lorazepam 12 6.38 8.61 1.27 2.16 lOO 
10 6.91 8.79 1.26 2.71 100 
7 32.38 40.79 1.26 2.22 lOO 
Lormetazeparn 12 4.07 4.84 1.19 1.02 92 
10 5.11 5.91 1.16 1.14 94 
7 11.76 13.80 1.1 7 1.66 lOO 
5 19.98 23.39 1.17 1.74 100 
TFAE 12 3.49 8.49 2.43 6.25 lOO 
10 4.72 9.98 2.12 7. 11 100 
7 11.42 24.17 2.12 12.20 100 
5 12.35 26.43 2.12 11.21 lOO 
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Figure 13 Capacity factors (kJ and selectivities (a) at different methanol 
percentages in SFC on ChiralCel OD column 
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Figure 14 Resolution (Rs) and resolution percentage (Rs%) at different methanol 
percentages in SFC on ChiralCel OD column 
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Resolution is considered as a practical measure of the efficiency of the column. The 
resolution and resolution percentage of all the enantiomers were investigated as 
function of methanol concentration (Tables 11 - 12, Figures 12, 14). It was found 
that, usually the resolution and resolution percentage decreased when methanol 
concentration was increased. It appeared that the methanol concentration required for 
optimum resolution by ChiralCe1 OB column is lower than that for ChiralCe1 OD 
column. On ChiralCe1 OB CSP, the highest resolutions were obtained at 3 vol% of 
methanol concentrations except for temazepam and lorazepam at 5 vol%. However, 
the highest resolution on ChiralCel OD column was observed when methanol 
percentage was 5 vol% except for lorazepam and IF AB at 7 vol% and temazepam at 
10 vol%. The resolution may be affected by the change in capacity factor, when these 
are very low at high methanol percentage. 
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Figure 15 Separation of racemic benzoin on ChiralCel OB column, using carbon dioxide with 5 
vol% methanol as the mobile phase, oven 40 oC, mean pressure 125 bar, DV 220 nm. 
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The results in Table 11 suggest that the ChiralCel OD column is more polar than the 
ChiralCe1 OB column as the retentions of the enantiomers were longer on ChiralCe1 
OD than those on ChiralCel OB column. The magnitude of the effect on k which 
resulted from an increase in methanol concentration was significantly different for the 
two columns. The capacity factors (kl) of temazepam steadily diminished from 8.69 to 
6.39 to 2.75 on ChiralCel OB column, but from 19.78 to 11.00 to 8.72 on ChiralCel 
OD column for the increase in methanol percentage from 5 to 7 to 10 vol%. The 
capacity factors oflorazeparn reduced from 1.50 to 0.80 on ChiralCe1 OB column, and 
reduced from 32.38 to 6.91 on ChiralCe1 OD column as the methanol percentage 
increased from 7 to1 0 vol%. 
Table 13 shows that the capacity factors of the unresolved compounds were increased 
bydecreasingmethanol concentration, but the se1ectivities were not changed (CL = 1.00). 
Figure 16 Separation of racemic l-phenyl·I,2-ethanediol on ChiralCel OB column, using carbon 
dioxide with 5 vol% methanol as the mobile phase, oven 40 oC, mean pressure 125 bar, 
UV220nm. 
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Table 13 Capacity factors of unresolved enantiomers at different methanol 
percentages in SFC on ChiralCel OB column 
Conditions: oven 40 ·C, UV 220 run, primary eluent carbon dioxide, mean pressure 125 bar. 
Compound MeOH"1o k a. 
Ibuprofen 7 0.45 1.00 
5 0.63 1..00 
3 0.87 1.00 
Ethyl mandelate 7 0.30 1.00 
5 0.45 1.00 
3 0.52 1.00 
TFAE 10 1.78 1.00 
7 3.68 1.00 
5 5.06 1.00 
Lormetazepam 10 2.22 1.00 
7 5.08 1.00 
5 7.38 1.00 
I-Phenyl-2-propanol 7 0.60 1.00 
5 0.72 1.00 
2-Phenyl-l-propanol 7 1.05 1.00 
5 1.18 1.00 
3.1.3 Influence of 2-propanol as a mobile phase modifier 
62 
The alcohols used as modifiers in LC can be divided into two groups, i.e. linear 
alcohols and branched alcohols [78]. It is often observed that the two groups of 
modifiers have different effects on the enantioseparations. 2-Propanol is one of 
commonly used branched alcohols as a modifier in SFC. It is less polar than methanol 
and its lower eluent strength is interesting to many investigators [17,40 - 41,72,74, 
82 - 84]. 
To examine the influence of different modifiers on the separation of chiral. molecules, 
a series of experiments was carried out for the compounds that were separated with 7 
vol% methanol, under equivalent operating conditions on ChiralCel OD column but 
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usmg 2-propanol as the modifier. Results of capacity factor (k), selectivity (a), 
resolution (Rs) and resolution percentage (Rs%) for separated enantiomers at various 
concentration of2-propanol were shown in Table 14. Under the separation conditions 
in Table 14, temazepam, lorazepam and lormetazepam were not eluted within 2 hours 
due to their relatively high polarity. For TFAE, its second enantiomer was not eluted 
within one hour at 1.0 vol% of 2-propanol concentration. For TFAE, tetrahydro-I-
naphthol and I-phenyl-I-propanol, broad peaks were observed. The chromatogram of 
TF AE is shown in Figure 17. All of these results suggested that the relatively high 
viscosity and lower polarity of2-propanol produced a low column efficiency. 
An increase in percentage of 2-propanol resulted in a decrease in capacity factor and 
selectivity (Table 14 and Figure 18). The capacity factor (k,) oftetrahydro-I-naphthol, 
decreased from 7.69 to 0.82 on increasing 2-propanol concentration from 1.0 to 2.5 
vol%. The capacity factor (k,) of TF AE reduced from 15.19 to 3.87 on increasing 2-
propanol from 1.0 to 1.5 vol%. 
Table 14 Capacity factors, selectivities, resolution and resolution percentage at 
different 2-propanol percentages in SFC on ChiralCel OD column 
Conditions: oven 40°C. UV 220 nm, mean pressure 125 bar. 
Compound 2-Pro% k, le, a Rs Rs% 
Tetrahydro-I-naphthol 2.5 0.82 0.82 1.00 0 0 
2.0 0.91 0.91 1.00 0 0 
1.5 2.04 2.77 1.11 0.66 50 
1.0 7.69 9.33 1.17 1.27 100 
I-Phenyl-I-propanol 2.5 0.56 0.56 1.00 0 0 
2.0 0.66 0.66 1.00 0 0 
1.5 1.81 2.03 1.12 0.68 49 
1.0 4.51 4.89 1.08 0.57 40 
TFAE 2.5 2.43 5.22 2.15 4.76 lOO 
2.0 2.55 5.53 2.17 4.47 lOO 
1.5 3.87 10.71 2.77 8.81 lOO 
1.0 15.19 * 
* The second enantiomer was not eluted in one hour at the operation conditions. 
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The selectivity of TF AE was reduced from 2.77 to 2.15 on increasing the 2-propanol 
percentage from 1.5 to 2.5 vol%. For I-phenyl-l-propanol and tetrahydro-l-naphthol 
low selectivities were obtained even at 1.0 and 1.5 vol% of 2-propanol and resolution 
could not be obtained (a =1.0) when the 2-propanol concentration was increased to 
2.0 vol%. These results indicated the limitation of using the 2-propanol modifier for 
chiral separations in the SFC system. Comparison between 2-propanol and methanol as 
modifier, suggests that the separation factors for tetrahydro-l-naphthol and I-phenyl-
I-propanol were similar, and the selectivity for TF AE was higher with low percentage 
of2-propanol than using methanol as modifier. Therefore, the optical resolution ability 
ofChiralCel OD depended, to some degree, on the kind and composition of modifier. 
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Figure 17 Separation of racemic TFAE on ChiralCel OD column, using carbon dioxide with 2.5 
vol% 2-propanol as the mobile phase, oven 25 °C, mean pressure 125 bar, UV 220 nm. 
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Figure 18 Capacity factors (I<,) and selectivities (u) at different 2-propanol 
percentages in SFC on ChiralCel OD column 
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The results support the view that the less polar the alcohol, the greater the capacity 
factors and the selectivity. Similar trends in SFC were also reported and explained 
by other researchers in separation of trans-stilbene oxide and benzyl a1cohols [82 - 83]. 
The less polar modifiers, such as 2-propanol, can give a higher value for separation 
factor than more polar compounds, such as methanol and ethanol, because the highly 
polar linear a1cohols (methanol, ethanol, I-propanol, or I-butanol) may prevent the 
solute from hydrogen-bonding close to the chiral centre, which leads to lower 
selectivity. Wainer et at. [78, 117] have investigated the effects of mobile phase on 
capacity factor and stereoselectivity on the ChiralCel OB CSP using linear and 
branched a1cohols as polar modifiers in LC. Their results indicated that the solute and 
mobile phase modifier competed for both chiral and achiral binding sites on the CSP, 
and that the steric bulk around the hydroxyl moiety of the modifier played a role in this 
competition. Hassan [118] has also observed that the use of the branched-chain 
a1cohols as modifier gave a significantly better resolution for tirnolol than straight-
chain a1cohols on ChiralCel OD CSP enantiomeric separation in LC. 
3.1.4 Influence of temperature 
Carbon dioxide has a critical temperature of 31.2 oC, below which the eluent is a 
subcritical liquid. Many studies have indicated that low temperature benefits 
enantioselectivity [71, 74, 82, 84, 94 - 95] when carbon dioxide is used as the mobile 
phase. In this project, chiral recognition was examined for some compounds, which 
were separated (detailed in Section 3.1.1), in both subcritical condition (SubFC) at 
temperature of 25 or and supercritical 40 oC condition (SFC) on both ChiralCe1 OB 
and OD columns using methanol as the mobile phase modifier at a constant pressure 
of 125 bar. Results from the SubFC study are given in Table 15 and Figures 19 - 20, 
Table 16 and Figures 21 - 22. Chromatograms are shown in Figures 23 - 26. 
Higher enantioselectivities were found at SubFC than at SFC, which was attributed to 
the low analysis temperature used in SubFC (Comparison of Table 15 with Table 11, 
and Table 16 with Table 12). This can be explained by the Gibbs-Helmholtz equation 
(Equation 5). This equation shows that the enantioselectivity of a system decreases 
with increasing analysis temperature. Some researchers [80, 96] have reported that 
the lower the temperature, the larger the separation factor and that there was a good 
linear relationship between In a: and lIT. By comparison of the chromatograms at 
supercritical and subcritical separation in Figure 27 with Figure 28, and Figure 29 
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Table 15 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SubFC on ChiralCel OB column 
Conditions: oven 25°C, UV 220 nm, mean pressure 125 bar. 
Compound MeOH% kl Is a Rs Rs% 
1-Phenyl-1-propanol 7 0.68 0.78 1.14 0.30 18 
5 0.70 0.81 1.13 0.30 20 
3 0.90 1.04 1.16 0.79 81 
2 1.10 1.28 1.16 0.74 71 
Tetrahydro-1-naphthol 7 1.22 1.61 1.31 1.10 98 
5 1.52 1.95 1.28 1.72 100 
3 1.87 2.59 1.38 2.25 100 
2 2.63 3.43 1.30 2.20 100 
1-Phenyl-1,2-ethanediol 7 1.59 1.83 1.15 0.60 48 
5 2.72 3.17 1.16 0.70 54 
3 3.44 3.90 1.13 0.89 74 
2 5.48 6.49 1.18 0.81 69 
Hexobarbital 7 2.22 2.61 1.18 0.84 71 
5 2.78 3.33 1.20 0.88 68 
3 3.22 3.68 1.14 1.38 93 
2 4.65 5.59 1.20 1.19 85 
Benzoin 7 1.28 1.46 1.15 0.63 56 
5 1.96 2.23 1.14 0.77 60 
3 2.29 2.73 1.14 0.83 76 
Temazepam 10 2.94 4.99 1.68 1.65 100 
7 5.42 9.06 1.67 1.87 100 
5 9.04 14.10 1.56 2.70 100 
Lorazepam 10 0.80 2.22 2.78 1.50 100 
7 1.30 4.40 3.38 1.84 100 
5 2.01 9.10 4.55 4.09 100 
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Table 16 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SubFC on ChiralCel OD column 
Conditions: oven 25 oC, UV 220 nm. mean pressure 125 bar. 
Compound MeOH% k, k, a. Rs Rs% 
l-Phenyl-l-propanol 10 1.05 1.33 1.26 1.29 99 
7 1.94 2.56 1.32 1.53 100 
5 2.42 303 1.25 1.62 100 
, 3.27 5.80 1.77 3.22 100 j 
Tetrahydro-I-naphthol 10 1.57 1.74 1. 11 0.91 71 
7 2 .85 3.27 1.14 0.95 89 
5 3.03 3.36 1.11 1.14 92 
3 3.3 3.81 1.1 4 1.21 lOO 
Hexobarbital 10 1.56 1.70 1.09 0.71 56 
7 5.36 5.93 1.11 1.13 95 
5 6.04 6.58 1.09 1.0 I 85 
3 6.81 7.36 1.08 0.99 84 
Temazepam 12 2.45 2.85 1.16 0.95 92 
10 7.54 8.78 1.16 1.82 100 
7 10.10 11.69 1.16 2.18 100 
5 16.16 18.90 1.14 0.98 88 
Lormetazepam 12 2.73 3.32 1.22 1.28 99 
10 6.99 8.66 1.24 2.65 100 
7 13 .34 16.46 1.23 2.33 lOO 
5 16.52 18.63 1.13 1.76 lOO 
Lorazepam 12 3.00 3.97 1.32 1.75 l OO 
10 6.48 8.87 1.37 3.37 lOO 
7 28.20 37.15 1.32 3.58 100 
TFAE 12 2.42 5.76 2.38 6.83 100 
10 2.76 6.29 2.28 10.50 lOO 
7 6.18 16.18 2.62 12.57 100 
5 12.50 31.34 2.51 13 .35 100 
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Figure 23 Separation of racemic lorazepam on ChiralCel OD column, using carbon ctioxide with 10 
vol% methanol as the mobile phase, oven 25 °C, mean pressure 125 bar, UV 220 nm. 
Figure 24 Separation of racemic lormetazepam on ChiralCel OD column, using carbon ctioxide with 
10 vol% methanol as the mobile phase, oven 25 °C, mean pressure 125 bar, UV 220 nm. 
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Figure 25 Separation of racemic temazepam on ChiralCel OD column, using carbon dioxide with 7 
vol% methanol as the mobile phase, oven 25°C, mean pressure 125 bar, UV 220 nm. 
Figure 26 Separation of racemic ethyl mandelate on ChiraICel OD column, using carbon dioxide 
with 7 vol% methanol as the mobile phase, oven 25°C, mean pressure 125 bar, UV 220 
nm. 
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Figure 27 Separation of racemic tetrahydro-l-naphthol on ChiralCel OB column, using 5 vol% 
methanol as the modifier, oven 25 oC, mean pressure 125 bar, UV 220 nm. 
, 
o 
Figure 28 Separation of racemic tetrahydro-I-naphthol on ChiralCel OB column, using 5 vol% 
methanol as the modifier, oven 40 °C, mean pressure 125 bar, UV 220 nm. 
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Figure 29 Separation of racemic I-phenyl-I-propanol on ChiralCel OB column, using 5 vol% 
methanol as the modifier, oven 25 oC, mean pressure 125 bar, UV 220 nm. 
Figure 30 Separation of racemic I-phenyl-I-propanol on ChiralCel OB column, using 5 vol% 
methanol as the modifier, oven 40 oC, mean pressure 125 bar, UV 220 nm. 
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with Figure 30, it was found that the resolutions of I-phenyl-l-propanol and 
tetrahydro-l-naphthol on ChiralCel OB column in SubFC were much better than in 
SFC. It is clear that the decreased temperature caused an enhancement of the 
chromatographic resolution of the peaks corresponding to both enantiomers. 
However, they took a slightly longer time to elute in SubFC without loss any 
efficiency, because of the lower vapour pressure and solubility of the solute in SubFC 
system. 
Under SubFC conditions, the capacity factors for all the compounds changed with the 
change in modifier concentration, in a similar manner to the changes in SFC, i.e. 
increasing the methanol concentration reduced the capacity factor. 
By comparison of Tables 11 and 15, an increased resolution was observed at 
subcritical conditions, which was similar to the enantioseIectivity. Under the both 
subcritical and supercritical conditions, as observed for capacity factors, the resolution 
was increased with decreased methanol concentration. These experimental results for 
resolution in terms of the different contributions from Equation (4) (Section 1.4.1) 
indicate that the change of resolution is due to the change of both retention time and 
selectivity. The most effective factor in Equation (4) to raise Rs for chiral separation is 
the parameter (a. - 1), which increases at a lower temperature. It should be noted that 
for a. values close to I, small changes in a. will result in a large change in resolution. 
Accordingly, a change in separation factor from 1.1 to 1.2 means roughly a doubling 
of resolution, owing to the influence on the (a. - 1)/0. factor. At the same 
temperature and a nearly constant flow rate, Rs increases with an increase in k, since 
a. and N change only a little. 
3.1.5 Influence of pressure 
The capacity factor, resolution and resolution percentage were investigated as a 
function of pressure over the range of 103 to 172 bar and at a constant temperature of 
40 °C, using 5 vol% methanol carbon dioxide as the mobile phase (Table 17 and 
Figures 31 - 32). 
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Table 17 Capacity factors, selectivities, resolution and resolution percentage at 
different pressures in SFC on ChiralCel OB column 
Conditions: oven 40 °C, UV 220 run, eluent carbon dioxide with 5% methanol. 
Compound· Pressure k, k, a. Rs Rs% 
(bar) 
I-Phenyl-l-propanol 172 0.55 0.62 1.13 0.26 9 
152 0.58 0.65 1.12 0.42 9 
125 0.72 0.81 1.13 0.51 35 
103 0.72 0.81 1.13 0.48 19 
Tetrahydro-l-naphthol 172 1.15 1.43 1.24 1.07 98 
152 1.21 1.50 1.24 1.09 98 
125 1.36 1.71 1.26 1.50 100 
103 1.43 1.78 1.24 1.35 100 
I-Phenyl-l,2-ethanediol 172 1.53 1.73 1.13 0.59 48 
152 1.63 1.84 1.13 0.72 44 
125 2.30 2.62 1.14 0.82 72 
103 1.95 2.19 1.12 0.59 39 
Hexobarbital 172 1.86 2.14 1.15 1.01 81 
152 2.08 2.40 1.15 0.97 81 
125 2.58 2.98 1.15 1.12 86 
103 2.68 3.29 1.15 1.05 74 
Results in Table 17 showed that the capacity factor and resolution generally reduced, 
and the selectivity changed little on increasing the pressure. Since the pressure and 
density are linked at a given temperature, changes in pressure would result in 
changes in the density of carbon dioxide. It seems that the carbon dioxide did not play 
a major role in the chiral recognition process since the influence of the carbon dioxide 
density on selectivity is small, compared to that of temperature and of the nature of 
modifier. This observation agreed well with the results that were reported by Lou and 
Sheng [94, 97], who found that in SFC with carbon dioxide as the mobile phase 
the density of the mobile phase has no influence on the separation factors of 
amino acid on a chiral capillary column. 
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Figure 31 Capacity factors (k,) and selectivities (a) at different pressures in SFC 
on ChiralCel OB column 
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For all the enantiomers examined, the capacity factors decreased as the system 
pressure was increased. The effect of an increase in pressure on capacity factor (k) can 
be attributed to the increase in the eluent density, resulting in the enhanced solubilities 
of both the solute and the modifier into the mobile phase, which was explained by 
Mourier [74] and Nitta et. [82]. 
Again, from Equation (3), it is clear that resolution is influenced by the combination of 
effects of retention time and peak width. An increase in retention time would increase 
peak width. Therefore, for a practical system, there is a optimistic point to be achieved 
for a good resolution. In this SFC study, the highest resolution and resolution 
percentage were observed when pressure was 125 bar. 
3.1.6 Identification of chiral form 
The order of elution of enantiomers on a given chiral column is determined by their 
stereochemistry. The experimental parameters may also have some effects on the 
elution order. The absolute configuration of enantiomers may be determined by 
chromatographic comparison with authentic, of known configurationally material. 
Identification using only single pure enantiomer, can cause confused because the 
retentions of a pair of enantiomers are usually very similar. Single pure enantiomers of 
known configuration, (R)-( + )-I-phenyl-I-propanol, (R)-( -)-I-phenyl-I,2-ethanediol 
and (R)-( -)-tetrahydro-I-naphthol, were therefore added to the racemic I-phenyl-I-
propanol, I-phenyl-I,2-ethanediol and tetrahydro-I-naphthol, and the elution order of 
enantiomers was determined by monitoring the increased peak area. A comparison of 
effects of the CSPs was made at a temperature of 40 °C with addition of methanol as 
a modifier to the mobile phase. The influences of modifier (2-propanol and methanol) 
and temperature (40 and 25 0C) were also examined on ChiralCel OD and ChiralCel 
OB columns, respectably. Results are given in Table 18 and chromatograms are shown 
in Figures 33 - 40. 
By analysis of the results, it was found that modifier nature did not change the order of 
elution of enantiomers. Organic alcohols used as modifier to mobile phase can only 
change the equilibrium of enantiomers between stationary phase and mobile phase and 
seem not to affect the stability of CSP-solute complex. The influence of column 
properties on the elution order was different for the different chiral molecules. For 
tetrahydro-I-naphthol, the order was reversed\m the different columns. However, the 
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order of eluting of the enantiomers of I-phenyl-I-propanol was not changed using the 
different columns. A reversed elution order of I-phenyl-I-propanol was noticed on 
ChiralCel OB column under different temperature of 40°C and 25 °C (Figures 39 and 
40). The mechanism of this temperature effect is not clear at this stage. No similar 
results reported have been found. However, this phenomenon is interesting and worthy 
of more detailed studies in future. Temperature did not affect the order of elution of 
the enantiomers of l-phenyl-I,2-ethanediol on ChiralCeI OB column and l-phenyl-I,2-
ethanediol was not separated on ChiralCeI OD column. 
Table 18 The order of elution for individual enantiomers 
Compound Column Modifier % ToC k, Elution order 
Tetrahydro-I-naphthol OD 1% 2-Pro 40 7.69 S-(+),R-(-) 
OD 7% MeOH 40 2.44 S-(+),R-(-) 
OB 7% MeOH 40 1.22 R-(-),S-(+) 
OB 5% MeOH 25 1.52 R-(-),S-(+) 
I-Phenyl-l-propanol OD 1% 2-Pro 40 4.51 R-(+),S-(-) 
OD 5% MeOH 40 1.85 R-(+),S-(-) 
OB 3% MeOH 40 0.91 R-( + ),S-( -) 
.OB. 5% MeOH 25 0.70 S-(-),R-(+) 
I-Phenyl-I,2-ethanediol OB 5%MeOH 40 2.30 R-(-),S-(+) 
OB' 3% MeOH 25 3.44 . R-(-),S-(+) 
3.1.7 Influence of the structure of the enantiomers and columns. 
It is generally believed that the chiral recognition mechanisms are dependent on the 
molecular structure of the enantiomers. Investigations were carried out on ChiralCel . 
OB and ChiralCeI OD columns, using related benzyl alcohol enantiomers and similar , 
compounds with different position of the phenyl ring and the hydroxyl group, at 3% 
methanol as a modifier to the carbon dioxide supercritical conditions 40°C. Results 
were listed in Table 19. 
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Figure 33 Identification of enantiomers of tetrahydro-I-naphthol on ChiralCel OD column, using 1 
vol% 2-Pro as the modifier, oven 40 °c, UV 220 nm . 
. * Identified as (R)-( -)-tetrahydro-I-naphthol. 
Figure 34 Identification of enantiomers of tetrahydro-l-naphthol on ChiralCel OD column, using 7 
vol% MeOH as the modifier, oven 40 oC, UV 220 nm. 
* Identified as (R)-( -)-tetrahydro-l-naphthol. 
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Figure 35 Identification of enantiomers of tetrahydro-l-naphthol on ChiralCel OB column, using 7 
vol% MeOH as the modifier, oven 40 °C, UV 220 nm. 
* Identified as (R)-(-)-tetrahydro-l-naphthol. 
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Figure 36 Identification of enantiomers of tetrahydro-l-naphthol on ChiralCel OB column, using 5 
vol% MeOH as the modifier, oven 25 °C, UV 220 nm, 
* Identified as (R)-( -)-tetrahydro-l-naphthol. 
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Figure 37 Identification of enantiomers of J-phenyJ-I-propanol on ChiralCel OD column, using 1 
vol% 2-Pro as the modifier, oven 40 °C, UV 220 nm. 
• Identified as (R)-(+)-I-phenyl-I-propanol. 
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Figure 38 Identification of enantiomers of J-phenyJ-J-propanol on ChiralCel OD column, using 5 
vol% MeOH as the modifier, oven 40 QC, UV 220 nm. 
• Identified as (R)-(+)-J-phenyl-J-propanol. 
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Figure 39 Identification of enantiomers of I-phenyl-l-propanol on ChiralCel OB colwnn, using 3 
vol% MeOH as the modifier, oven -10 oC, UV 220 nm. 
* Identified as (R)-(+)-l-phenyl-I-propanol. 
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Figure 40 Identification of enantiomers of I -phenyl- I -propanol on ChiralCel OB colwnn, using 5 
vol% MeOH as the modifier, oven 25 oC, UV 220 nm. 
* Identified as (R)-(+)-l-phenyl-I-propanol. 
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. Table 19 The effects of structure of enantiomers on capacity factors, selectivities at 
7 vol% methanol percentage in SFC on ChiralCe1 OB and OD columns 
Conditions: oven 40 QC, mean pressure 125 bar. UV 220 nm. 
ChiralCel OB ChiralCe1 OD 
Compound k. a k. Cl. 
I-Phenyl-I-propanol 0.65 1.12 1.47 1.20 
I-Phenyl-2-propanol 0.60 1.00 1.39 1.00 
2-Phenyl-I-propanol 1.05. 1.00 1.69 1.00 
Tetrahydro-I-naphthol 1.22 1.24 2.44 1.10 
I-Phenyl-I,2-ethanediol 1.54 1.13 5.88 1.00 
TFAE 3.68 1.00 11.42 2.12 
Styrene oxide 0.68 1.00 0.72 1.00 
Ethyl mandelate 0.30 1.00 \.10 1.84 
Ephedrine * 0.29 LOO 
* Enantiomers were not studied. 
The results suggested that the more substituents, on greater polarity of the analyte, the 
longer their retention, they have, probably because of lower solubility in the 
supercritical fluid. For example, TFAE has three benzyl rings, its retention was 
longest. I-Phenyl-I,2-ethanediol has two hydroxyl groups, its retention was longer 
than others having one hydroxyl group. For one phenyl and one hydroxyl, the longer 
the carbon chain, the longer the retention. The retention for tetrahydro-I-naphthol 
with a four carbon chain was longer than that for phenyl-propanol with a three carbon 
chain. A similar trend was observed by Sanagi for his study of the separation alkyl-
aryl-ketone homologues by SFC [126]. 
Among the three isomeric enantiomers of I-phenyl-I-propanol, l-phenyl-2-propanol 
and 2-phenyl-I-propanol, the I-phenyl-2-propanol had the shortest retention, which 
suggests the interaction between solute with the CSP is smallest. However only 1-
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phenyl-I-propanol was resolved. This result may indicate that the stability of the 
solute-CSP complex depends upon the relative position of the phenyl ring and 
hydroxyl group and the steric bulk at the a-carbon to the phenyl ring. The most stable 
complex, or the best fit of the solute and the CSP, occurred when the phenyl ring and 
hydroxyl group are on the same carbon. This was supported by the separation of 
tetrahydro-I-naphthol and ethyl mandelate on ChiralCel OD column. However no 
resolution for ephedrine but in that case because group has reduced retention and it 
contains a NTh group which may interact with CO,. 
The solute-CSP interaction mechanism with these columns is based on a two point 
attractive interaction, of which one is the important hydrogen-bonding and the another 
is insertion of the phenyl moiety of the solute into a chiral cavity on the CSP. For 1-
phenyl-I-propanol, the hydrogen-bonding and insertion interaction may take place 
simultaneously. Hence, the chiral recognition was significant with the chiral column 
and its selectivity was 1.20 on ChiralCel OD column using 3 vol% methanol as 
modifier. For 2-phenyl-l-propanol, the chiral centre is on a-carbon, the hydrogen-
bonding was possible, but lacks the strength of the soIute-CSP complex. Therefore, 
the chiral separation was not successful. For I-phenyl-2-propanol, the chiral centre is 
on the 13-carbon, and the phenyl group is not at chiral centre, so hydrogen-bonding 
may not be involved when the insertion take place, and it was not resolved. 
The experiment results were supported by Wainer [124], who studied the relationship 
of chiral alcohol structures with retention and stereoselectivity in normal phase LC. He 
found that the selectivity values on the ChiralCel OB column decreased as hydroxyl or 
phenyl groups are moved further from the asymmetric centre. The distance between 
the asymmetric centre and the phenyl group was important as shown by I-phenyl-l-
propanol (a = 1.27, k. = 0.80), 2-phenyl-l-propanol (a = 1.12, k. = 0.77) and 1-
phenyl-2-propanol (a = 1.00, k. = 0.70) at 25 oC, using hexane-2-propanol as the 
mobile phase. The chiral resolution was temperature dependent, and the selectivity was 
reduced when temperature increased. The selectivity of 2-phenyl-l-propanol was lost 
at 30 °C. His results indicated that the relative position of the solute and CSP were 
fixed by the attractive interactions, which appear to take place between the 
substituents on the a-C of the solute and the chiral cavity of the CSP. 
Benzodiazepines have similar structures which have an electron-withdrawing group at 
position 7 (Figure 9). Lorazepam and lorrnetazepam also have another electron-
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withdrawing group (Cl) at 2' position. These chemicals were examined on ChiralCeJ 
OB and ChiralCel OD columns using at 7 vol% methanol under supercritical 
conditions 40 °C. The results are listed in Table 20. 
Table 20 The effects of structure of benzodiazepines on capacity factors, 
selectivities at 7 vol% of methanol in SFC on ChiralCel OB and OD 
columns. 
Conditions: oven 40 °C, mean pressure 125 bar, UV 220 nm. 
ChiralCel OB ChiralCel OD 
Compound kl a. kl a. 
Lormetazepam 5.08 1.00 11.76 1.17 
Temazepam 6.39 1.51 11.10 1.10 
Lorazepam 1.50 3.82 32.32 1.26 
It was found that the capacity factor of lorazepam was small but the selectivity was 
larger than for the others on the ChiralCel OB column. The order of elution of the 
three compounds on ChiralCel OB column is' the same on PS-DVB at 9.7 vol% or 
15.3 vol% methanol [126]. The capacity factor and the selectivity for lorazepam were 
larger than for the others compound on the ChiralCel OD column and the order of the 
three compounds was the same as on a cyano-silica column with 12.8 vol% methanol 
[126]. Lonnetazepam was separated on ChiralCeJ OD, not on ChiralCelOB column. 
The different mechanisms between ChiralCel OB and OD columns may be 
understood by considering the interaction of the mobile phase carbon dioxide with 
chiral stationary phases (CSPs). In chiral recognition, the most important adsorbing 
site of these CSPs for chiral recognition is the carbamate moieties of the CSPs [83, 
127]. Racemic compounds may interact with the carbamate moieties mainly 
through hydrogen bonds. Since carbon dioxide is used as a mobile phase, -NH may 
be surrounded by carbon dioxide, so the racemates may not interact with the -NH 
groups of the carbamate moieties [83, 127]. Therefore, the chiral recognition abilities 
of the ChiralCel OD stationary phase become lower in SFC. However, the 
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ChiralCel OB stationary phase lacks -NH groups, and the interaction with carbon 
dioxide seems to be too weak to be significant. In general, for each enantiomeric 
molecule successfully separated on both the columns, except 1-phenyl-1-propanol, 
smaller capacity factors and larger selectivity factors were obtained with ChiralCel 
OB column (Table 10), indicating its better chiral recognition for these compounds. In 
Figures 41 - 42, it was found that better selectivity and shorter retentions were 
obtained on the ChiralCel OB column than on the ChiralCel OD column under the 
same operation conditions. 
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Figure 41 Separation of racemic hexobarbital on ChiralCel OD (left) and OB (right) columns, using 
carbon dioxide with 5 vol% methanol as the mobile phase, oven 40 0C, mean pressure 125 
bar, UV 220 nm. 
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Figure 42 Separation of racemic tetrahydro-l-naphthol on ChiralCel OD (left) and OB (right) 
columns, using carbon dioxide with 5 vol% methanol as the mobile phase, oven 40 oc, 
mean pressure 125 bar, UV 220 run. 
3.1.8 Conclusion 
The enantioselectivity of the ChiralCel OB and ChiralCel OD columns are reasonable 
for most of the test compounds and resolution was enhanced if phenyl and hydroxyl 
groups are on same carbon atom. The columns showed good separation and efficiency. 
For example, the chromatography obtained for test compounds gave sharp peaks. 
Therefore, reliable detennination of the enantiomeric purity was possible. 
3. RESULTS AND DISCUSSION 92 
3.2 Separation on Cyclodextrin columns 
Cyclodextrin columns represent a' another type of important CSPs. CD-bonded CSPs 
were selected because of their ability to resolve some structurally related compounds. 
In this section, results regarding the influences of temperature, modifier concentration 
etc. on the chiral recognition are discussed. 
3.2.1 Comparison ~-RN-CD and a-CD columns 
In the normal phase model, it may be' difficult for trace organic solutes to form 
traditional inclusion complexes with cyclodextrins in non-polar solvent. However, the 
presence of aromatic and carbonyl groups in modified cyclodextrins provides an 
opportunity for 1t-1t interactions that do not exist with native cyclodextrins. To date, 
four derivatized ~-CD stationary phases (acetylated, dimethylphenyl carbamate, 
naphthyl ethyl carbamate, and para-toluoyl ester ~-CD bonded stationary phase) have 
been successfully used in chiral separations in the normal phase mode [49]. The 
present study has examined ~-RN-CD, which is prepared by the reaction of 
cyclodextrin with (R)-(-)-I-naphthylethylisocyanate [128]. This derivative is suitable 
for underivatized enantiomer analysis and is similar to derivatized cellulose. Armstrong 
[9, 87] has separated (+-)-phensuximide, (R,S)-N-trichloroacetyl-l,2,3,4-tetrahydro-
I-naphthylamine etc. on ~~RN-CD column in HPLC system, using hexane with 2-
propanol, as a mobile phase. fIis investigation demonstrated that these compounds 
were resolved on both native and derivatized ~-CD columns. However, a better 
selectivity and shorter retention times were obtained on the derivatized-~-CD column 
than on the native ~-CD column. 
The present experiments were designed to examine the range of molecules discussed in 
the previous section on ~-RN-CD CSP in SubFC. However, with no modifier addition 
to the mobile phase many of enantiomers were not eluted within a reasonable time. 
These uneluted molecules included ethyl mandelate, I-phenyl-l-propanol, tetrahydro-
I-naphthol, I-phenyl-l,2-ethanediol, temazepam, lorazepam, lormetazepam, benzoin 
and hexobarbital. This again indicates that the polarity of carbon dioxide is not 
sufficient to elute such enantiomers. Hence, polar modifiers had to be added to the 
mobile phase for the further work. 
With an addition of 5 vol% methanol as a modifier to the mobile phase at the same 
constant temperature 25 oC, the results were significantly improved (Table 21). All the 
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compounds were eluted from the column, but only TF AE and ibuprofen were 
enantiomericalIy separated by the f3-RN-CD. A Iow selectivity ofibuprofen (a = 1.06) 
was obtained on f3-RN-CD. The selectivity ofTFAE was 1.0 on ChiralCeJ OB column, 
2.51 on OD and 1.03 on f3-RN-CD. The differences in selectivity are mainly because 
the different reaction mechanisms of solute with chiral stationary phases. 
Table 21 Comparison of enanatiomer separation on f3-RN-CD and a-CD columns 
in SubFC using carbon dioxide with different of methanol 
Conditions: oven 25°C, UV 220 run, mean pressure 125 bar. 
f3-RN-CD a-CD 
Compounds MeOH% k, a MeOH% k. a 
Ethyl mandelate 5 0.88 1.00 5 0.60 1.00 
I-Phenyl-I-propanol 5 1.13 1.00 5 5 1.00 
Hexobarbital 5 1.19 1.00 • 
Benzoin 5 2.29 1.00 5 1.03 3.69 
Tetrahydro-l-naphthol 5 2.56 1.00 5 1.46 1.00 
I-Phenyl-I,2-ethanediol 5 3.09 1.00 7 1.21 1.00 
Temazepam 5 5.48 1.00 • 
Ibuprofen 5 5.24 1.06 10 0.62 1.00 
TFAE 5 5.61 1.03 10 0.86 1.00 
* Enantiomers were not studied. 
The cavity in a-CD stationary phase is significant smaller than that in f3-CD and tends 
to complex smaller molecules more tightly than f3-CD. Hence, there exists the 
possibility that small racemates that cannot be resolved on f3-CD bonded phase can be 
resolved on a-CD bonded phase, which can be applied to the separation of various 
classes of compounds: in addition to volatile cyclic compounds such as bicyclicacetals, 
epoxides, or other oxygen-containing heterocycles, long chain alcohols have also been 
resolved [129]. 
Experiments on the a-CD column was conducted under subcritical conditions using 
methanol as the mobile phase modifier. Various chiral molecule were examined 
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including I-phenyl-I-propanol, I-phenyl-2-propanol, 2-phenyl-I-propanoJ, tetrahydro-
I-naphthol, I-phenyl-I,2-ethanediol, benzoin, ibuprofen, TF AE and ethyl mandelate. 
However only benzoin was resolved (Table 21), with selectivity of 3.69, compared 
1.11 on ChiralCei OB column. This successful chiral separation may result from its 
molecular structure having a stereogenic centre between two aromatic rings. It was 
pointed out by Arrnstrong [130] that in a chiral molecule the chiral centre between two 
aromatic rings or between an aromatic ring system and another n-system seems to 
enhance enantiomeric separation factor for two to three ring compounds. 
3.2.2 Effect of methanol concentration· 
The effects of methanol concentration in the carbon dioxide mobile phase on the 
retention time, selectivity and resolution were investigated on j3-RN-CD and on a.-CD 
columns for previously separated enantiomers of TF AE, ibuprofen and benzoin. The 
results are summarised in Tables 22 - 23. Chromatograms are showing in Figures 43 -
44. 
Table 22 Capacity factors, selectivities resolution and resolution percentage at 
different methanol percentages in SubFC on Cyclodextrin j3-RN column 
Conditions: oven 25°C, UV 220 run, mean pressure 125 bar. 
Compounds MeOH% k, k, a. Rs Rs% 
TFAE 7 4.37 4.52 1.03 0.52 40 
5 5.61 5.79 1.03 0.56 56 
3 5.65 5.82 1.03 0.60 60 
Ibuprofen 7 4.11 4.34 1.05 0.53 43 
5 5.24 5.53 1.06 0.48 38 
3 5.28 5.60 1.06 0.51 42 
As it was expected, the capacity factors for all the three enantiomers decreased with 
increasing methanol content on both columns. The capacity factors changed less 
significantly on the j3-RN-CD column. On a.-CD column the capacity factors of the 
first peak of benzoin were 1.33, 0.79 and 0.48 at methanol concentration of 5, 7, 10 
3. RESULTS AND DISCUSSION 95 
vol%, respectively, indicating an average decreasing 40% in capacity factor by 
increasing methanol percentage from 5 to 7 to 10 vol%. 
Table 23 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SubFC on a-Cyclode~rin column 
Conditions: oven 25°C, UV 220 om, mean pressure 125 bar. 
Compound MeOH% k, a Rs Rs% 
Benzoin 10 0.57 1.69 2.94 3.29 100 
7 0.85 2.52 2.96 3.81 100 
5 1.03 3.69 3.58 6.56 100 
The selectivities of separation of enantiomers were maintained for all ratios of 
methanol to carbon dioxide ratios on P-RN-CD column. However, the selectivities 
decreased with increasing methanol percentage from 5 to 7 vol% on a-CD column, a 
decrease of 20% in selectivity being observed. Further increase in methanol percentage 
from 7 to 10 vol% did not bring about any change in selectivity on the a-CD column. 
The resolution of the enantiomers increased with a decrease in methanol concentration 
on both columns. In particular, on the a-CD column, the average increase in resolution 
was about 60 - 70 % as the methanol percentage decreased from 10 to 7 to 5 vol%. 
Since modifier increased the solubility of the solutes in the mobile phase, it results in a 
reduced retention time. Armstrong [85] studied the effect of environmental changes 
on the resolution process by varying the mobile phase composition in LC. His results 
indicated an increase of the capacity factor of enantiomers as the percentage of 
methanol decreased on P-CD column. Enantiomeric separations were also possible by 
using ethanol and 2-propanol as a modifier, which may give higher values of 
selectivity and produce high retention time and low efficiency as its low polarity. The 
small size and high polarity of methanol cause. strong interactions with the hydroxyl 
groups of the CD and fixe' it to the mouth of the cavity. It can not be easily displaced 
by solute and I pr~~ents the formation of the inclusion complex [49]. Therefore, 
methanol gives lower values of selectivity but shorter retention and higher column 
efficiencies. 
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Figure 43 Separation of racemic TFAE on ~-RN-CD column, using carbon dioxide with 7 vol% 
methanol as the mobile phase, oven 25 °C, mean pressure 125 bar, UV 220 nrn. 
(.: tt: 
.. '" ~: f'. 
!, ,,: 
iI ~. 
1111 
1 if ~ 
i ~ 1 
! \ I \ 
! \ 
J 
\ 
r;' ________ .1 jr(lTl ~rTrr\'rrr"T';- - \ '-------
(r. 
e ,. 
'J: 
Figure 44 Separation of racemic ibuprofen on 13-RN-CD column, using carbon dioxide with 7 vol% 
methanol as the mobile phase, oven 25 °C, mean pressure 125 har, UV 220 nrn, 
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3.2.3 Effect of temperature 
The influence of temperature on the retention time, selectivity of separation and 
resolution of the enantiomers were investigated on both columns under subcritical 
condition at 25 °C (Tables 22 - 23) and supercritical condition at 40 °C, results are 
summarised in Tables 24 - 25. Chromatogram is shown in Figure 45. 
At supercritical temperatures a slight decrease in retention time was observed. This is 
likely to follow the decreasing in the binding constant to the P-Cyc1odextrin with 
increasing temperature [49]. The selectivities were slightly larger at subcritical 
temperatures than at supercritical temperatures on J3-RN-CD column (comparison of 
Table 22 with Table 24). This increase was even larger on a-CD column (comparison 
of Table 23 with 25), with an average increase of 12% in selectivity and an average 
increase of 9% in resolution at subcritical temperature than at supercritical 
temperature. Further compounds, which were not resolved in SubFC, were again not 
resolved in SFC. 
Table 24 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SFC on Cyc10dextrin P-RN column 
Conditions: oven 40 °C, UV 220 run, mean pressure 125 bar. 
Compound MeOH% k, k, a Rs Rs% 
TFAE 7 3.94 4.02 1.02 0.28 15 
5 4.74 4.88 1.03 0.49 36 
3 5.04 5.16 1.02 0.56 40 
lbuprofen 7 3.98 4.13 1.04 0.34 32 
5 5.03 5.23 1.04 0.44 37 
3 5.67 5.90 1.04 0.49 41 
Tetrahydro-l-naphthol 5 2.33 2.33 1.00 0 0 
Temazepam 5 5.40 5.40 1.00 0 0 
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Table 25 Capacity factors, selectivities, resolution and resolution percentage at 
different methanol percentages in SFC on a-Cyclodextrin column 
Conditions: oven 40 °C, UV 220 run, mean pressure 125 bar. 
Compound MeOH% k, k, a Rs Rs% 
Benzoin la 0.48 1.26 2.62 3.02 100 
7 0.79 2.08 2.63 3.53 100 
5 1.33 4.28 3.22 6.05 100 
Tetrahydro-l-naphthol 5 1.40 1.40 1.00 0 0 
TFAE 7 1.39 1.39 1.00 0 0 
.: 
, 
Figure 45 Separation of racentic benzoin on a.·CD column, using 10 vol% methanol as the mobile 
phase, oven 40 °C, mean pressure 125 bar, UV 220 run. 
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In SubFC, the enantioselectivity of the separation of the enantiomers were similar for 
all ratios of methanol to carbon dioxide on P-RN-CD column. On a-CD column, the 
enantiose1ectivity for benzoin was increased by decreasing the methanol concentration. 
An increase of 20% in selectivity was obtained by decreasing methanol percentage 
from 7 to 5 vol %. However, all the results are similar within SFC. 
From Table 26, the capacity factors of unresolved a1cohols were decreased by 
increased methanol concentration at constant temperature, and were increased by 
decreased temperature at constant methanol concentration. 
Chiral resolutions for many racemates on cyclodextrin columns were not successful 
under the conditions studied. The possible reason is that the chiral molecules are so 
small that the hydroxyl group of the molecules is not close enough to interact with 
the "mouth" of the cyclodextrin, when the chiral molecule was trapped into the chiral 
cavity. The failure oftemazepam, lorazepam and lormetazepam may be because the 
chiral molecules are too large, and are difficult to fit into the cavity. 
Table 26 Capacity factors of unsolved enantiomers at different methanol 
percentages on a-CD column in SFC and SubFC 
Capacity factor k 
Temperature 40 0C 25 0C 
Methanol (wt/wt %) 6.7 12.6 17.78 17.78 
I-Phenyl-l-propanol 3.12 2.00 0.85 0.90 
I-Phenyl-2-propanol 3.04 1.75 0.79 0.87 
2-Phenyl-l-propanol 3.29 2.38 0.90 0.91 
In conclusion, the cyclodextrin CSP can provide efficient and selective separation of 
some . optical isomers in comparison to the other typical CSPs and the use of 
cyclodextrin CSP appears to offer advantages in terms of flexibility and versatility. In 
particular, benzoin was successfully separated on a-CD column, possibly because of 
its having stereogenic centre between two aromatic rings. 
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3.3 Separation on Pirkle column 
Pirkle-type CSPs have been used in SFC in many investigations [71, 74]. This type of 
CSPs has some advantages relative to others CSPs, such as those derived from 
cellulose or cyc10dextrin etc. because they are usually less expensive and much more 
durable. An adapted method has been used in this laboratory to synthesise a Pirkle-
type CSP by covalent bonding of (R)-N-(3,5-dinitrobenzoyl)phenylg1ycine to a bonded 
aminopropyl silica gel [53]. It was intended to investigate the application of the 
column to enantiomeric resolution for related chiral alcohol and some drugs such as 
temazepan and ibuprofen in SubFC using carbon dioxide as the mobile phase. 
3.3.1 Applications 
The feasibility of using this synthesised Pirkle column to separate a group of selected 
chiral molecules was studied with the addition of methanol modifier to the carbon 
dioxide in SubFC (Table 27). 
However, only TFAE was successfully separated. The separation factor was 1.29 at 
25 °C using 2 vol% methanol and the retention time was fairly short but the 
recognition mechanism is so effective that baseline resolution was achieved. 
TFAE has been separated before using hexane with 2-propanol (98:2) on same 
stationary phase in this laboratory. The separation has been published previously by 
Pugh [131]. He reported the separation factor was 1.31. 
On this Pirkle column, temazepam was marginally separated in SubFC using carbon 
dioxide and methanol mixture (Figure 60). 
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Table 27 Separation of enantiomers on the Pirkle column using different methanol 
concentration in the mobile phase in SubFC 
Conditions: oven 25°C, mean pressure 125 bar. 
Compound MeOH"/o k, Cl. 
Tetrahydro-l-naphthol 2 1.89 1.00 
Benzoin 2 3.00 1.00 
Ethyl mandelate 2 0.96 1.00 
Hexobarbital 4 1.70 1.00 
I-Phenyl-l-propanol 2 0.83 1.00 
Ibuprofen 4 1.80 1.00 
I-Phenyl-l,2-ethanediol 4 2.61 1.00 
Temazepam 4 9.35 * 
TFAE 2 7.33 1.29 
* Marginally separated 
3.3.2 The influence of temperature and methanol concentration 
The results shown in Table 28 are the effects of temperatures and methanol 
concentration on separation ofTFAE. The previous results (Section 3.1.5) showed the 
influence of the carbon dioxide density on selectivity is small, when carbon dioxide 
pressure was varied between 103 to 172 bar, suggesting that the carbon dioxide did 
not play a major role in the chiral discrimination process. However, the temperature is 
an important parameter. According to the Gibbs-Helmholtz equation (5), a reduction 
in temperature substantially enhances the separation factor. In fact, the enhancement of 
the separation factor was slight in the chiral discrimination, from an average 3 to 4% 
increases in selectivity factor for the decrease in temperature from 40°C to 2S °C. But, 
the resolution values increased, which means that it did not reduce column efficiency 
when temperature were reduced from 40°C to 25 °C. Chromatograms are shown in 
Figures 59 - 60. 
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Table 28 Capacity factors, se1ectivities, resolution and resolution percentage at 
different methanol percentages in SFC and SubFC on Pirkle column 
Conditions: UV 220 run, mean pressure 125 bar. 
Compound ToC MeOH% k, k, a. Rs Rs% 
TFAE 40 4 3.03 3.54 1.17 0.82 86 
40 3 4.06 4.78 1.18 1.08 92 
40 2 8.88 11.11 1.25 1.62 100 
25 4 2.68 3.26 1.22 1.0 94 
25 ~ 3.55 4.32 1.22 1.12 97 .) 
25 2 7.33 9.46 1.29 1.90 100 
Figure 59 Separation of racemic TF AE on Pirkle column, using 3 vol% methanol as the modifier, 
oven 40 °C, mean pressure 125 bar, DV 220 run. 
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Figure 60 Separation of racemic temazepam on Pirkle colwnn, using 3 vol% methanol as the 
modifier, oven 40°C, mean pressure 125 bar, UV 220 nm, 
It has previously been observed that different modifiers can show different effects on 
retention characteristics and peak shape. An increasing methanol percentage from 2 to 
3 vol%, resulted in a 50% decrease in capacity factor, and further from 3 to 4 vol%, 
resulted in a 25% decrease in capacity factor under subcritical and supercritical 
conditions. The selectivities were changed slightly, and the resolutions decreased from 
1.90 to 1.00 by increasing methanol percentage from 2 to 4 vol% at 25 QC (Table 28). 
These results were corroborated by Mourier et al. [37] who investigated the influence 
of mobile phase composition on the resolution of tertiary phosphine oxides on some 
Pirkle columns. 
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3.4 Comparison of performance of CSPs in SFC and in HPLC 
Comparisons of results of chiral separations by CSPs in HPLC with these in SFC and 
with the results obtained from this study were considered useful (Table 20), in terms of 
understanding the chiral recognition mechanisms and their applications. 
Table 29 Comparison of separations by CSPs using SubFC and reported results 
fromHPLC 
HPLC SFC 
Compound Column k, a ref. k, a 
I-Phenyl-l-propanol ChiralCel OB 0.80 1.27 124 0.68 1.14 
Tetrahydro-l-naphthol Chira1Cel OB 3.40 1.75 124 1.87 1.38 
Benzoin ChiralCel OD 2.43 1.58 83 4.00* 1.25* 
TFAE ChiralCel OD 2.13 2.59 83 2.42 2.38 
Pirkle type 13.69 1.31 131 7.33 1.29 
Ibuprofen P-RN-CD 5.70 1.07 132 5.24 1.06 
* Reference results in SFC from [81]. 
Generally, the results in Table 29 imply that shorter retention times were observed 
with SubFC but larger enantioselectivities (a) were obtained with HPLC. However, 
the number of cases for comparison were very limited. Also in chromatography, it is 
perhaps a general rule that a low capacity factor goes with a poor selectivity, resulting 
from poor interactions between solute and stationary phase. 
For ibuprofen on P-RN-CD column and TFAE on Pirkle column, SubFC resulted a 
quicker elution and a similar enantioselectivity to HPLC (Table 29), which might 
indicate that SubFC entails more efficient type of chiral separation. Other investigators 
[54, 71 - 72] have reported that SFC usually produces a higher resolution per unit of 
time than did HPLC. 
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Chapter 4. 
CONCLUSIONS AND FUTURE WORK 
Successful results have been achieved in the present study of the chiral separation of 
related benzyl alcohols, related chemicals and some drugs on five columns in SubFC 
and SFC. The investigation of the separation of chiral compounds on ChiralCel OB and 
OD, a-CD and J3-RN-CD, and synthesised Pirkle columns using carbon dioxide 
containing methanol as a mobile phase in SFC is summarised in Table 30. 
Some chiral compounds were separated on one, two or three columns but not on all of 
them. It is mainly because of the different mechanisms of interaction with different 
chiral stationary phases. One of the key differences is that in the Pirkle type CSP the 
solute-CSP interactions take place on the surface of the CSP, while in the ChiralCel and 
cydodextrin, these interactions involve dural cavities within the CSP. The ChiralCel 
OB and OD columns seem to be suitable for chiral separation in both SubFC and SFC 
system using carbon dioxide containing methanol as mobile phase. TF AE is a best 
testing solute for the five CSPs. 
The effects of parameters such as temperatures, pressures and modifier addition on 
capacity factor, selectivity and resolution were investigated on the five columns in 
SubFC and SFC. In each case the addition ofan increasing concentratioll)f modifier into the 
carbon dioxide mobile phase decreased the retention of the chiral compounds. The 
influence of increasing methanol concentration on the selectivities of the compounds 
studied was small but there were some 'exceptions. For some molecules having low 
selectivities, control of the methanol concentration was important for a successful 
separation. On using a less polar branched alcohol, 2-propanol, instead of methanol, the 
selectivity for TF AE was improved, but longer retention times and broad peaks were 
observed due to 2-propanol having low column efficiency. 
Higher selectivities were obtained in SubFC than in SFC, due to the low analysis 
temperature employed in SubFC, meanwhile the capacity factor increased. Resolution 
was increased in SubFC, which means that low temperatures benefit column efficiency. 
When temperature was reduced from 40 ·C to 25 oC, the peak shapes were often 
improved. 
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Table 30 Summary of separation of chiral compounds on five chiral columns 
Compound 
I-Phenyl-l-propanol 
I-Phenyl-2-propanol 
2-Phenyl-l-propanol 
Tetrahydro-l-naphthol 
I-Phenyl-l,2-ethanediol 
Hexobarbital 
Temazeparn 
Lorazeparn 
Lorrnetazepam 
Benzoin 
TFAE 
Ibuprofen 
Ethyl mandelat~1 
Styrene oxide 
Ephedrine 
Pinene 
~nantiomers were separated 
-Enantiomers were not separated 
*Enantiomers were not studied 
ChiralCeI 
OB OD 
+ + 
- -
- -
+ + 
+ -
+ + 
+ + 
+ + 
- + 
+ * 
- + 
- -
- + 
- -
* -
* -
Cyclodextrin Pirkle 
J3-RN et 
- - -
* - * 
* - * 
- - -
- - -
* - -
* - -
- * * 
- * * 
- + -
+ - + 
+ - -
- - -
* * * 
* * * 
* * * 
The results of the experiments suggested that with increasing pressure, the capacity 
factors were reduced generally, due to increasing solubility of the solute into the mobile 
phase, but the influence of the carbon dioxide density on the selectivity was small 
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compared to that of temperatures and of the nature of the modifier. Carbon dioxide did 
not appear to play a major role in the chiral recognition process. 
The results of investigation for the three enantiomerically pure compounds indicated 
that the order of the elution of enantiomers was changed on different columns, but not 
changed by the different modifiers. There was one case showing temperature affect on 
the elution order, which suggested detailed studies for future work. 
The mechanism of dural discrinrination may differ with the different enantiomer 
structures. Many of the compounds which have sinrilar structure and are closely related 
can give very different results. It was found that the substitution pattern around the 
chiral centre played an important role on the degree of resolution. In particular, a high 
enantioseiectivity was obtained with compounds that included a rigid planar structure, 
such as tetrahydro-l-naphthol rather than a flexible a1iphatic side chains and with 
compound in which the phenyl and hydroxyl groups were substituted on the chiral 
centre. 
The work for the past two-year studies has proved that the CSPs studied can be used 
for some related benzyl alcohol and drug enantiomer discrinrination. In the future work, 
it is_n~essary_ to __ extend..Jhe exanIination_of these CSPs for a wider application, 
inol. [include an investigation ·on the feasibility of cellulose derivative and I 
haJ on columns for chiral separation of molecules of different types from these 
di: the current work. Molecules with a chiral centre at the same carbon atom or . 
I . 
w rerent functional group are interesting to be tested. 'Studies on the effects of· 
operation conditions such as temperature and using water with alcohol as a modifier 
and using different columns may be useful. 
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